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 Catalytic epoxidation of styrene using a cheap and effective combination of 
MnSO4 salt and bicarbonate-H2O2 solution in DMF was successfully carried out with 
complete conversion and up to 90% yield in about 1 h. The use of 30% H2O2 oxidant is in 
line with current green chemistry practices as H2O2 gives environment friendly 
byproducts such as H2O and O2 in contrast to hydrocarbons if organic peroxides are used. 
Furthermore, manganese is also relatively non-toxic compared to traditional tungsten 
catalysts. This catalytic system is ligand-free and does not require any additives, carried 
out in DMF which is more environmentally compatible as opposed to halogenated 
solvents.  
 
 Such advantageous catalytic system thus provides the motivation to study the 
reaction mechanism and carry out kinetic studies using online Raman, in-situ FTIR, 13C 
NMR and UV-Vis spectroscopy coupled with application of Band Target Entropy 
Minimization (BTEM) chemometric method. The active epoxidizing agent (manganese 
peroxocarbonate complex) was effectively elucidated from the array of online Raman 
data using BTEM. The characteristic Raman vibration modes of this complex suggest a 
bidentate coordination between the manganese center and a singular carbon-containing 
peroxocarbonate group, simultaneously supported by both 13C NMR and UV-Vis results. 
A plausible mechanism was then proposed. Based on this mechanism, the overall reaction 
rate constant was subsequently computed, which will be useful for reactor sizing and 
scale-ups.  
 
List of Tables 
 
 vii
List of Tables 
 
Table 2-1 Comparison of various epoxidation catalysts. 
 
Table 3-1 Amount of reagents used in Raman experiment. 
 
Table 3-2 Band selection for targeting. 
 
Table 3-3 Characteristic peaks of Mn-complex. 
 
Table 3-4 Embedded bands and corresponding BTEM-resolved peaks. 
 
Table 3-5 Control experiments for comparison. 
 
Table 3-6 Shifts in Raman bands due to H-Bonding between DMF and water. 
 
Table 3-7 Reported peak assignments for ν(Mn-O) mode. 
 
Table 3-8 Assigned complex peaks. 
 
Table 3-9  UV cut-offs of solvents taken for absorbance of 1.00 in a 10.0 mm cell 
versus distilled water. 
 
 
List of Tables 
 
 viii
Table 3-10 Amount of reagents used. 
 
Table 3-11 Targeted bands. 
 





List of Figures 
 
 ix
List of Figures 
 
Figure 1-1 Electrophilic attack on alkenes to form epoxides. 
 
Figure 1-2 Chirally catalyzed epoxidations by Sharpless. 
 
Figure 1-3 (a) Various epoxide-derived products and 
 (b) Coatings and additives from epoxidation of natural products. 
 
Figure 2-1 (a) Berkessel’s catalyst with tethered imidazole and 
 (b) Katsuki’s unfunctionalized Mn-salen complex. 
 
Figure 2-2 (a) Jacobsen’s catalyst and (b) Schiff-base Mn-salen complex. 
 
Figure 2-3 Structure of 1,4,7-Triazacyclononane (TACN). 
 
Figure 2-4  Dinuclear complexes with (a) Oxo, (b) Peroxo and (c) Carboxylate 
centres. 
 
Figure 2-5 Modified TACN as epoxidation catalysts with H2O2-oxidant. 
 
Figure 2-6 (a) Chlorinated Mn-porphyrin complex, 
 (b) Mn-porphyrin mediated epoxidation using imidazole and 
 (c) N-alkyl imidazole and benzoic acid. 
 
Figure 2-7 (a) Iron porphyrin and  
 (b) Iron porphyrin mediated epoxidation with electron poor ligands and           
          protic solvent. 
 
 
List of Figures 
 
 x
Figure 2-8 Additives used in MTO-catalyzed epoxidations using 30% H2O2. 
 
Figure 2-9 Venturello epoxidation catalyst. 
 
Figure 2-10 Epoxidation in benign solvent with Noyori’s catalyst. 
 
Figure 2-11  Jacobsen iron catalyst system for epoxidaton of terminal aliphatic 
alkenes with 50% H2O2. 
 
Figure 2-12 Ligands used in nonheme biomimetic catalysts. 
 
Figure 2-13 Feringa’s dinuclear Mn-complex for alkene epoxidation with 30% H2O2. 
 
Figure 2-14 Hydrotalcite epoxidation using 30% H2O2 
 (a) Benzonitrile as peroxide carrier and 
 (b) Iso-butyramide as peroxide carrier. 
 
Figure 2-15  Proposed reaction mechanism for hydrotalcite epoxidation using 30%     
  H2O2 and iso-butyramide as peroxide carrier. 
 
Figure 2-16 (a) Mn-porphyrins and (b) Mn-TACN anchored on silica. 
 
Figure 2-17  Self-Recoverable phosphate/tungstic acid system based on catalyst 
solubility. 
 
Figure 2-18  Reaction controlled phase transfer catalyst based on action of H2O2. 
 
Figure 2-19        Pure component spectra elucidated from BTEM. 
 
List of Figures 
 
 xi
Figure 3-1 13C NMR spectrum of  
 (a) H13CO3 in DMF solvent, (b) Formation of H13CO4- in DMF and 
 (c) Formation of Mn-complex with single 13C atom at 124 ppm   
 (*) Denotes DMF solvent peaks. 
 
Figure 3-2   Experimental set-up for online Raman spectroscopy monitoring. 
 
Figure 3-3      Experimental procedure and dosing profile. (S denotes spectra number). 
 
Figure 3-4        Raw Raman spectra from online monitoring.  
 
Figure 3-5   Right singular VT vectors obtained from SVD. 
 
Figure 3-6        Singular values of VT vectors. 
 
Figure 3-7        Normalized BTEM-constructed pure component spectra. 
 
Figure 3-8        Comparing BTEM-reconstructed spectra of Mn-complex with pure (a)  
                        DMF, (b) Styrene and (c) Styrene oxide.  
 
Figure 3-9       Concentration profile during epoxidation.   
 
Figure 3-10        Standard Nicolet FT-Raman spectra from Aldrich Sigma Chemicals*–  
 (a) Styrene,  (b) Styrene epoxide, (c) Benzene and (d) Ethylbenzene. 
                         *http://www.sigmaaldrich.com 
 
Figure 3-11      3D reaction profile showing characteristic  
                        (a) Epoxide peak (Increasing at 1254 cm-1) and  
                       (b) Styrene peak (Depleting at 1631cm-1). 
 
 
List of Figures 
 
 xii
Figure 3-12      Normalized BTEM reconstructed spectra of Mn-complex. 
 
Figure 3-13.     Comparison of BTEM reconstructed spectrum of Mn-complex with 
online Raman spectra. 
 
 
Figure 3-14      Gradual peak shifting from styrene to styrene oxide. 
 
Figure 3-15     Deconvoluted spectra. 
 
Figure 3-16      BTEM reconstructed spectra without Mn2+. 
 
Figure 3-17      BTEM reconstructed spectra without HCO3-. 
 
Figure 3-18     Hydrogen bonding as a result of mixing DMF and water. 
 
Figure 3-19     Interactions of Mn2+(aq)  with DMF medium. 
 
Figure 3-20      (a) Hexahydrated Mn2+(aq) ions versus (b) Mn2+(aq)  in DMF medium. 
 
Figure 3-21     Raman spectra of (a) O2 and (b) CO2 gases at 1550 and 2329 cm-1. 
 
Figure 3-22      Observed artifact peak of Raman spectrometer. 
 
 
List of Figures 
 
 xiii
Figure 3-23      Comparing ν(Mn-O) in  Mn-complex  with standard MnxOy  species. 
 
Figure 3-24      Comparing ν(Mn-O) of  Mn-complex  at 404 cm-1 with standard MnxOy  
                         species. (*) Denotes artifact peak as explained in Section 5.6.7. 
 
 




Figure 3-26      Comparison of ν(O-O) in Mn-complex with ν(O-O) in H2O2. 
 
Figure 3-27     Characteristic peaks of Mn-complex representing  
                         (a) Mn-O-C vibration, (b) ν(C=O) vibration,  
                          (c) Mixed vibration δ(O2CO) and   
                          (d) Deformation δ(MnO2CO) modes. 
 
Figure 3-28      Postulated Mn-peroxocarbonate complex solvated in DMF D) medium. 
 
Figure 3-29      Assignment of possible vibration modes in Mn-complex.  
 
Figure 3-30 Existence of similar d-block transitional metal complexes containing     
                          peroxocarbonate bidentate group. 
 
Figure 3-31 Individual component spectra and Mn-complex spectra. 
 
Figure 3-32        (a) Hexahydrated Mn2+(aq) ions versus (b) Mn2+(aq)  in DMF medium. 
 
 
List of Figures 
 
 xiv
Figure 3-33 Resultant spectra of Mn-complex solution. 
 
Figure 3-34 Reaction calorimeter (RC1e), Mettler-Toledo. 
 
Figure 3-35  1st step reaction profile during preparation of Mn-complex - (a) Reaction 
temperature, Tr , (b) Temperature difference between reaction mixture, 
Tr and reactor wall temperature, Ta , (c) Gas generation and (d) pH.  
 
 
Figure 3-36  2nd step reaction profile during epoxidation of styrene - (a) Temperature, 
(b) pH, (c) Gas generation and (d) Conversion – Selectivity. 
 
 
Figure 3-37  One-pot reaction profile during epoxidation of styrene -(a) Temperature, 
(b) pH, (c) Gas generation and (d) Conversion – Selectivity. 
 
Figure 3-38 (a) Experimental set-up and (b) Resultant 3D ATR spectra. 
 
Figure 3-39 Right singular VT vectors obtained from SVD. 
 
Figure 3-40  Singular values of VT vectors. 
 
Figure 3-41  BTEM reconstructed spectra (a) DMF, (b) Styrene and (c) Epoxide. 
 
 
Figure 3-42 Relative concentration profile during reaction.  
 
Figure 4-1 Experimental versus simulated concentration profiles. 
 
List of Schemes 
 
 xv
List of Schemes 
 
Scheme 1-1 Catalytic cycle for Mn-mediated epoxidaton. 
 
Scheme 1-2 Mn-catalyzed epoxidation of styrene with bicarbonate-H2O2 solution. 
 
Scheme 2-1 Catalytic cycle in MTO mediated epoxidations with H2O2. 
 
Scheme 3-1 Formation of manganese-peroxocarbonate complex in DMF. 
 
Scheme 3-2 Mn-based epoxidation of styrene. 
 
Scheme 3-3  Proposed reaction for (a) HCO3- and H2O2 to form HCO4-,  
  (b) 1st step monodentate coordination of HCO4- with Mn2+(aq) in DMF  
  (c) 2nd step bidentate coordination of HCO4- with Mn2+(aq) in DMF.  
 
Scheme 4-1 Proposed mechanism for Mn-catalyzed epoxidation.  
 
 
List of Symbols 
 
 xvi
List of Symbols 
 
RR  Diastereomer of RS and SR enantiomer 
SS  Diastereomers of RS and SR enantiomer 
% ee  Percentage enantiomeric excess 
eq.  Equivalent amount 
mol%  Moles percentage 
cm-1  IR wavenumbers or Raman shift 
A  Absorbance in spectroscopic measurements 
λ  Eigenvalues in the Σ vectors 
ε  Error matrix to account for errors or surrounding noise 
VT  Right singular orthonormal vectors in SVD 
a s x  ν  Pure component matrix , BTEM 
aˆ   Pure component absorptivities  , BTEM 
T  Transformation or rotation matrix in optimization 
I   Identity matrix 
O  Zero matrix 
U  Orthonormal singular vector 
Σ  Unity diagonal matrix in SVD 
cˆ   Estimated concentration of component 
G  Minimized entropy  
h  Shannon Entropy function 
P  Penalty function in optimization      
γa, γc  Penalty factors in optimization 
δ  NMR signal, ppm 
∆  Deviation or difference in values 
ν(xxx)  Vibration mode of bonds, IR or Raman 
δ (xxx)  Mixed or deformation modes, IR or Raman 
a.u  Arbituary units 
π  Pi electron orbitals in chromophores 
πÆ π  Pi to Pi electron transitions  
eg  Higher energy level orbital of transition metal 
t2g  Lower energy level orbital of transition metal 
dπ  Pi orbital of d-block elements 
λmax  Maximum absorbance values in UV-Vis spectrum 
LMCT  Ligand to metal charge transfer for coordinated metallic complexes 
Tr  Reaction temperature in the mixture 
Ta  Jacket temperature  
t  Reaction time 
CA  Reactant concentration as function of time due to reaction 
CAD  Reactant concentration as function of time due to reaction and dosing 
NR  Reacting number of moles of reactant as function of time due to reaction 
Vo  Initial reaction volume 
 
List of Symbols 
 
 xvii
ν  Dosing rate of buffer solution 
TON  Turnover number as indicator of reaction efficiency, hr -1 
Vr  Volume of reactor 
NA   Number of moles of reactant A 
FAO  Inlet molar flow rate of reactant A 
n  Order of reaction  
xA  Conversion of reactant A 
-rA  Reaction rate with respect to reactant A 
k’  Overall reaction rate constant   
ki  Individual reaction rate constants 



















































Manganese Catalyzed Epoxidation 
 
1.1 Introduction to Epoxidation  
 
 Epoxidation is an unique reaction involving partial oxidation which has long been 
studied by scientists. It is basically a chemical reaction in which an oxygen atom is joined 
to an olefinically unsaturated molecule to form cyclic, three-membered oxiranes known 
as epoxides shown in Figure 1-1. The three-membered ring structure in epoxides is 






Figure 1-1.  Electrophilic attack on alkenes to form epoxides. 
 
 Due to its reactivity, epoxides are valuable and useful intermediary building 
blocks for various organic syntheses, thus creating exciting possibilities for building new 
complex molecules. Epoxides, especially chiral epoxides (asymmetric synthesis) are very 
important compounds in the synthesis of natural products, pharmaceuticals and 
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Notably, K.Barry Sharpless1 et al. reported a catalyst formed from titanium tetra 
(isopropoxide) and enantiomerically pure diethyl tartarate (DET, either RR or SS) with 
tert-butyl hydroperoxide (TBHP) oxidant to prepare 2,3-epoxyalcohols. This gives good 












In 2001, Sharpless obtained the Nobel prize for his work on asymmetric 
oxidations, co-shared with William S. Knowles and Ryoji Noyori. His method opened up 






















70 ~ 90% yield 
≥ 90% ee 
Figure 1-2. Chirally catalyzed oxidations by Sharpless. 
 
Chapter 1 – Introduction  
 
 3
1.2 Important Applications of Epoxides 
 
 
 Epoxides can be used to manufacture a variety of product line for cosmetics, 
chemical commodities, epoxy resins, pharmaceuticals and, paintings shown in Figure 1-3. 
Yearly, 4.5 million tons of propylene/butene oxides are produced through non-catalytic 
chlorohydrin process where large consumption of Cl2 leads to equipment corrosion or 
Halcon method where auto-oxidation of ethylbenzene/isobutane is used to make 
alkylhydroperoxide (oxidant) for epoxidation of propylene to propylene oxide. The 






















Figure 1-3. (a) Various epoxide-derived products and (b) Coatings and additives from 
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Scheme 1-1.  Catalytic cycle for Mn-mediated epoxidation. 
1.3 Motivation for Studying Mn-Bicarbonate-H2O2 Catalytic System 
 
There is widespread interest in manganese complexes due to their vantage of 
applications in organic synthesis and catalysis.2 In addition, manganese compounds have 
attracted special attention regarding their important role in the material science and 
bioinorganic chemistry.3 However, synthesizing of such catalytic complexes is still a 
challenge for the chemists along with the investigation of spectroscopic and structural 
characteristics of these molecules. 
  
 Given the importance of epoxidation, in a recent 2001 JACS paper, Burgess et al. 
identified simple metal salt – i.e. MnSO4 as effective epoxidation catalyst via large-scale 
parallel high throughput screening methodology.4,5 More than 30 d-block and f-block 
transition metal salts were screened for epoxidation activity under similar conditions, all 
in the presence of bicarbonate-H2O2 solution. Other than CrCl2 and Fe2(SO4)3, which 
exhibited some activity, only catalytic amounts of MnSO4 salts (0.1~1 mol %) coupled 
with bicarbonate-H2O2 solution prove to be the most effective for epoxidation in either 




















Chapter 1 – Introduction  
 
 5
These results are amazingly exciting as complete epoxidation can be achieved 
successfully within 1 hr in DMF. In this work, the Mn-bicarbonate-H2O2 system will be 
studied in detail given its numerous advantages over other classical “non-green” 
processes using organic peroxides oxidants.  
 
Advantages of Mn-Bicarbonate-H2O2 Oxidation: - 
 
1.         Cost and Availability: Manganese salts are relatively cheap and available. 
2. Toxicity: Manganese is relatively non-toxic compared to rhenium or tungsten-
based catalysts such as MeReO3 and WO42-.  
3.         Synthesis & Use of Ligands : Mn-HCO3--H2O2 catalytic system is ligand-free.  
4. Environmental Impact: H2O2 is environmentally benign as it generates H2O and 
O2 as sole by-products. Both tBuOH and DMF solvents are more environmentally 
compatible as opposed to halogenated hydrocarbons or nitromethane and hence 
more appropriate for process chemistry, relatively safe, non-halogenated and 
inexpensive. 
5. Effectiveness of Oxidant: H2O2 has a high content of active oxygen species and 
rather inexpensive compared to organic peroxides and peracids. Additives are not 
required. 
6.     Ease of Separation: Most epoxides obtained are easily isolated via a simple 
extraction into an apolar solvent (pentane or diethyl ether) and in many cases, 
after removal of the solvent, further purification is unnecessary. 
  
 






25 DegC, pH 8-9
Mn2+, HCO3-
1.4 Objective and Scope of Study  
 
Burgess reported that electron rich alkenes are most reactive in Mn-based 
catalytic system. Thus, the epoxide yields are high for aryl-substituted alkenes in contrast 
to less reactive substrates such as dialkyl-substituted alkenes because higher H2O2 
concentrations and special additives are required to obtain good yields.  
 
In this work, investigation of reaction mechanism and kinetic studies on the 
catalytic epoxidation will be carried using styrene as model substrate. With electron rich 
styrene, the use of H2O2 will be minimal and no additives are required which may 
complicate the analysis of the reaction in Scheme 1-2. Various analytical techniques 
(Raman, FT-IR, UV-Vis, 13C NMR) and BTEM chemometric method will be used to 
determine the active manganese complex formed in DMF and map out the reaction 
mechanism. Based on this mechanism, the rate expressions will  be formulated for kinetic 
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1.5 Outline of Thesis Structure 
 
 
In the next few chapters, the study carried out on Mn-catalyzed epoxidation of 
styrene using bicarbonate-H2O2 solution in DMF will be discussed in detail according to 
the following structure: - 
 
A. Introduction   
B. Literature review 
C. Experimental and Theory 
D. Results and Discussions 
E. Conclusions and Future Work 
 
 
The format of this study is designed to give an “Introduction” with regards to the 
research intent and motivation for selecting Mn-catalyzed epoxidation as the topic of 
interest. Subsequently, the chapter on “Literature Review” provides some background 
information on the various epoxidation catalysts that have been reported elsewhere in 
previous studies and an explanation of the chemometric method (BTEM) that will be 
used in data processing and analysis. The majority of this study will be focused on the 
chapter on “Experimental and Theory” the various experimental techniques and 
procedures will be described thoroughly. This will be followed up with a chapter on 
“Results and Discussions” whereby detailed deductions and interpretations based on the 
experimental data obtained earlier will be made. Lastly, the major significant findings are 
summarized in the last chapter “Conclusions and Future Work” with a glimpse of 
possible future work that can be carried out in this area of study. 
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Review of Catalysts for Epoxidation 
 
2.1          Overview of Catalysts for Epoxidation 
 
As seen earlier, the versatility of valuable epoxides puts the reaction under the 
limelight. Research efforts are focused on catalysis involving transitional metal 
complexes, ligands, additives and choice of oxidants to evaluate their efficiency, oxidant 
utilization and environmental impact. So far, different methods using (1) Homogeneous, 
(2) Heterogeneous and (3) Self-recoverable catalysts will be discussed and compared in 
the next few sections. 
 
2.2 Homogeneous Catalysis for Epoxidation 
2.2.1 Manganese-Salen Complexes 
 
 The discovery of selective epoxidation catalysts based on Mn(III) salen system 
has attracted much effort and interest to further achieve higher selectivities with 
enantiospecific catalysis.6,7 Manganese salen complexes are used as asymmetric catalysts 
in alkene epoxidations with H2O2 since Berkessel et al. (1993) first reported the 
observation of manganese coordinated complexes involving Mn=O intermediates 
generated via heterolytic cleavage of H2O2 in the presence of imidazole additives.8 
Berkessel further constructed a catalyst containing tethered imidazole in Figure 2-1(a) 
which epoxidizes 1,2-dihydronaphthalene with 77% yield and 64% ee. Unfortunately, 
better results can be obtained with sodium hypochlorite oxidant, which shows inferior 
utilization of H2O2. Katsuki et al.9 also developed an alternative class of unfunctionalized 
 












































Figure 2-1.  (a)  Berkessel’s catalyst with tethered imidazole and (b) Katsuki’s 
unfunctionalized Mn-salen complex. 
 
 High enantioselectivities can be obtained by adding ammonium acetate to 
Jacobsen’s catalyst in Figure 2-2 (a).Various work was also done in Mn-salen mediated 
epoxidations of alkenes with H2O2  that do not feature asymmetric syntheses. Such 
catalysts, for example, polymeric Schiff-base Mn complexes (polynuclear in nature) as 
shown in Figure 2-2 (b) with repeating salen-like cores were synthesized and 
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These catalysts were studied to determine if their polynuclear characteristics 
enhance their reactivities and/or eliminate the need for additives. However, they proved 
to be moderate catalysts only for the epoxidation of simple alkenes, and additive such as 
imidazole is still required to achieve catalytic activity with H2O2. 
 
 To date, salen complexes are the best catalysts for asymmetric epoxidation of 
alkenes using H2O2 but catalyst deactivation still poses a problem due to radical 
formation via homolytic cleavage of the weak O-O peroxide bond. Moreover, another 
obvious disadvantage is that quite a large mol % of salen catalysts are required for 
reaction carried out in chlorinated solvents and additives.  
 
2.2.2 1,4,7-Triazacyclononane (TACN) Complexes 
 
 Peroxide-based bleaches contains salts such as sodium peroxoborate or sodium 
carbonate peroxohydrate in most washing powders in Europe which liberates H2O2 in 
water and starts to bleach around 60°C. For this reason, washing in Europe has 
traditionally been done at a much higher temperatures (>90°C) than in the US where 
chlorine-based bleaches were used, which operate at a lower temperature. The actual 
active species, the perhydroxyl anions attacks the conjugated double bonds that gives 
chromophores their color in stains, decolorizing them and possibly make them more 
soluble. It may break the bonds formed between the fabric and the chromophore, which is 
then washed away. Below 80°C, the H2O2 being produced is ineffective. 
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Figure 2-3. Structure of 1,4,7-Triazacyclononane (TACN) ligand. 
About 15 years ago, detergent manufacturers started adding tetraacetyl 
ethylenediamine (TAED) which forms peracetic acid with hydrogen peroxide, and this 
bleaches at lower temperatures. Low temperature bleaching saves energy and 
manufacturers have been looking for something, which bleaches at lower temperatures 
and is cheap and environmentally friendly. Since then, studies on the use of TACN-based 
catalysts for alkene epoxidation with H2O2 has gained attention in 1994 when Unilever 
and Proctor & Gamble (P&G), the two leading detergent manufacturers argued about the 
damaging effect of active oxidant on clothing fabrics and dyes.  
 
Unilever complexed manganese with an aliphatic heterocycle ligand, i.e. 1,4,7-
triazacyclonane (TACN) in Persil Power detergent which acts as an effective catalyst in 
their detergent additives to activate H2O2 towards oxidizing organic staining materials.11-
14 The electronic properties of the ligand must be carefully tuned by the inclusion of 
electron pushing or pulling constituents, which moderates the stability of the metal-ligand 









 Mn-TACN complexes are efficient, selective oxidation catalysts at room 




























ends up trapped in the zeolite builders used in modern detergents. Free manganese ions 
cannot be used as the manganese would precipitate out as brown MnO2 and cause stains.  
 
 The manganese is in a similar environment in the complexes to that found in some 
metalloenzymes, where the complexed manganese can change oxidation state reversibly 
without leeching from the complex. It is thought that the manganese forms a mixed 
valency complex and that the actual catalyst involved depends on pH. The manganese 
complex is soluble and thus this is an example of homogeneous catalysis. The catalyst, 
comprising less than 0.1% of the detergent, is regenerated during the wash. Reactions 
using various TACN complexes with bridging oxo, peroxo, and/or carboxylate centers15   
shown in Figure 2-4 are inefficient with respect to H2O2  conversion. For example, the 
complex in Figure 2-4(b) completely epoxidizes styrene but unfortunately requires 100 









Figure 2-4. Dinuclear complexes with (a) oxo, (b) peroxo ,and (c) carboxylate centres 
 
Using oxalate buffer16 or adding ascorbic and squaric acid17 improved the 


















on the selectivities of the reaction. Some modified TACN ligands shown in Figure 2-5 









In summary, TACN complexes demonstrate considerable activity towards 
epoxidation but the synthesis of such ligands can be difficult and time-consuming. 
 
 
2.2.3 Metalloporphyrins- Iron and Manganese Porphyrin Complexes 
 
Porphyrins have been known to act as ligands to stabilize transitional metals with 
respect to undesirable decomposition pathways and tune their reactivities. In particular, 
manganese and iron porphyrins are the most important catalyst types for epoxidation 
reactions compared to porphyrins of other metals, such as molybdenum, which yields 
inferior conversions and selectivities.18, 19  
 
Figure 2-5. Modified TACN as epoxidation catalysts with H2O2 oxidant. 
 















Mansuy and co-workers were the first who discovered the effectiveness of Mn-
porphyrin complexes for alkene epoxidation in the presence of H2O2 shown in Figure 2-6. 















Certain additives such as imidazole 20-23 or combination of imidazole and 
carboxylic acids 24-27 have been found to enhance the reactivities of the porphyrins. In 
Figures 7(b) and (c), cyclooctene oxide was produced in 91% yield in 45 min using only 
imidazole under the original conditions, and a comparable yield was obtained in only 15 
min when N-n-hexylimidazole/benzoic acid was added. 
 
Further to this, Quici et al. reported the roles of these additives. Imidazole was 
coordinated to Mn throughout the reaction, whereas carboxylic acid helps cleave the 
peroxide O-O bond leading to a reactive Mn-oxo intermediate. Oxomanganese species 
Figure 2-6. (a) Chlorinated Mn-porphyrin complex , (b) Mn-porphyrin catalyzed epoxidation 
using imidazole and (c) N-alkyl imidazole and benzoic acid. 
a. b. 
c. 
2.5 mol% Cat. 
0.6 eq imidazole 
3 eq 30% H2O2 
2:1 MeCN:CH2Cl2, 20 °C 
90 %
O
0.5 mol% Cat. 
0.5 mol% n-hexylimidazole 
0.5 mol% benzoic acid 
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are well-established intermediates in Mn-porphyrin mediated epoxidations with H2O2.28-
31. The oxo-Mn(V) intermediate has been isolated and its formation further studied using 
spectroscopic techniques.32 
 
In comparison with Mn-porphyrins, the conversions and selectivities obtainable 
from iron porphyrins tend to be inferior and in some cases, oxidant specific such as 
iodosylbenzene.33,34  It was discovered by Traylor35 et al. that if hydrogen  peroxide is 
used in the system, they do not undergo hemolytic cleavage to produce radicals and 
oxoiron (Fe=O) intermediates in the presence of iron-heme systems. Instead, H2O2 
undergo heterolytic cleavage to produce the desired epoxidation catalyst-oxene species 
(Fe=O•+ , radical cation). Prior reaction of oxene with oxidant (catalyst decomposition) 
produces alkoxy radicals and undesirable side reactions. Traylor proposed that the radical 
production can be minimized by using protic solvents and by keeping the concentration 
of oxidant low through slow addition in the reaction shown in Figure 2-7. 
 
Traylor also found that more electron-deficient porphyrins favored epoxidation. 
Such porphyrins with electron withdrawing groups include highly fluorinated porphyrins, 
which can catalyze epoxidation of alkenes with H2O2 36-39 and even in mediums such as 
ionic liquids.40 In summary, epoxidation with Fe-porphyrins require a balance of steps in 
the catalytic cycle as several reactive intermediates can deliver oxygen to alkene 
substrates. The electronic structure of porphyrins, additives and the choice of solvents all 
play a critical role in the overall reaction. 
 
 























































2.2.4 Methyltrioxorhenium (MTO) Catalysts 
 
 
 Hermann and co-workers reported the use of methyltrioxorhenium, MeReO3 
(MTO) catalyst for alkene epoxidation using H2O2 oxidant41, its mechanistic studies41-46 
















1:3 CH2Cl2 :MeOH, 25°C 
~100% 
based on H2O2 
X=F
Figure 2-7. (a) Iron porphyrin (b) Fe-porphyrin mediated epoxidation with electron poor 
ligands and protic solvent. 
Scheme 2-1. Catalytic cycle in MTO mediated epoxidations with H2O2. 
a. b. 6 mol% cat, 30% H2O2 O
 






             12 mol% additive





98 % 95 % 96 %yields
 MTO-H2O2 mediated epoxidations are inherently acidic and cause ring opening of 
sensitive epoxides to diols. Sharpless and co-workers later tested pyridine in this 
reaction.47 Pyridine additive makes the medium slightly basic and reduces chances of ring 
opening in acid-sensitive epoxides. It also accelerates the rate of desired epoxidation 
reaction in contrast to Herrmann’s nitrogen bases in MTO-catalyzed epoxidation which 
did not yield significant ligand-accelerated catalysis.48 This is because the amines were 
oxidized to amine N-oxides which are weaker donor ligands compared to the 
corresponding amines under the reaction condition.49,50 This results in less selective and 
active complexes. 
Other nitrogen donors beside pyridine,47,51-53 notably pyrazole54-56 and 3-
cyanopyridine 57,58 have now been investigated as additives in MTO epoxidation as 
shown in Figure 2-8. Additives play a role as phase transfer catalysts. Their effectiveness 
lies on the level of basicity of MTO because being too basic will cause catalyst 
decomposition to inert perrhenic acid and methanol. Hence, pyrazole and 3-











Figure 2-8. Additives used in MTO-catalyzed epoxidation using 30% H2O2. 
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Overall, in MTO systems, it is difficult to separate the additives from the product. 
For instance, separation of acid-sensitive epoxides from bases with similar boiling points 
can be relatively challenging since the product could not survive treatment of crude 
reaction mixture with acid or exposure to silica. 
Although MTO-catalyzed epoxidation can epoxidize a variety of different alkenes 
with aliphatic and aromatic substituents, it is important to note that these additives only 
work in nitromethane and chlorinated solvents except for a few cases.59-61 These 
chlorinated solvents are unsuitable for large-scale reactions due to safety concerns 
associated with risk of explosions and toxicity issues, thus restricting them to small-scale 
epoxidation reactions. 
 
2.2.5 Polyoxometalates – Peroxotungstates , Peroxomolybdates 
 
 
 Venturello and co-workers62 have successfully isolated and crystallographically 
characterized tungsten-based catalysts, (R4N)3 .{PO4(W(O)(O2)2)4} which are active 
complexes and formed in-situ during the reaction shown in Figure 2-9. This type of 
tungsten-phosphate catalyst utilizes H2O2 more efficiently than many other epoxidation 
catalysts, due to the fact that their unique chemistry favors oxygen transfer over peroxide 
disproportionation. However, the required medium is usually chlorinated or aromatic 





Figure 2-9. Venturello epoxidation catalyst. 
O
55
         89 %
based on H 2O 2
C2H4Cl2 , 70 °C
0.4 mol % Cat. , 15% 
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Ryoji Noyori et al. discovered another type of catalyst, which can circumvent the 
use of environment unfriendly solvents. He showed that terminal aliphatic alkenes could 
be epoxidized at 90 °C without organic solvents63,64 by means of rapid-stirring. Under 
these conditions, epoxidation of 1-dodecene gives 99% yield with only 1.5 equivalent 
H2O2 shown in Figure 2-10. 
The only limitation associated with this system is that only simple aliphatic 
alkenes are cited as substrates, slightly acid-sensitive epoxides such as phenyl oxiranes 
are unstable under such reaction conditions, resulting in low yields.63 Hence, tungsten-
based catalysts may only be used to produce terminal aliphatic epoxides despite their 





















         99 %
2 mol % Na2WO4.2H2O 
1.5 eq. 30% H2O2
NH2CH2PO3H2 
 
















2.2.6 Iron and Manganese Pyridyl-Amine Complexes 
 
 
 In a JACS paper (2001), Jacobsen et al.65 reported a H2O2-efficient system using a 
combination of acetic acid and iron catalyst for epoxidation reactions. It is active towards 
aliphatic alkenes which are perceived to be difficult substrates and the mechanism was 




















Figure 2-11.  Jacobsen Iron catalyst system for epoxidation of terminal aliphatic alkenes 
with 50% H2O2. 
 
 
Besides iron, manganese catalysts of pyridyl-amine ligands can also be active for 
epoxidation. Various ligands being developed are shown in Figure 2-12. In particular, 
Feringa66 used the ligand in Figure 2-12 (f), which can be complexed with Mn to form a 
dinuclear complex with oxo and acetate ligands, which is similar to the dinuclear-iron 
complex formed in-situ as shown in Figure 2-11 (b).  
3% mol Cat. 
30% mol AcOH 
50% .5 eq. H2O2 
CH3CN 
Dimer formed in-situ. 



































This manganese pyriyl-amine catalyst epoxidizes alkenes with good yields and 









































Figure 2-13.  Feringa’s dinuclear Mn-complex for alkene epoxidation with 30% H2O2. 
 
R=H or Me 
a. b. c. 
d. e. f. 
0.1 mol% Cat (Fig 14b) 
8 eq 30% H2O2 
Acetone 
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2.3 Heterogeneous Catalysis For Epoxidation 
2.3.1 Zeolites and Hydrotalcite Systems 
 
Mineral-type catalysts obtainable from natural resources such as zeolites67-69 and 
hydrotalcities70-73 are used in heterogeneous epoxidation of alkenes using H2O2. Common 
zeolites are four-coordinate titanium centers in microporous siliceous frameworks.74-76 
 
TS-1 catalyst is the first Ti-containing silicalite zeolite with a relatively small pore 
size of 5.5 Å. The small pore size in TS-1 precludes reactions of larger substrates larger 
than six carbons but are most reactive towards terminal alkenes and less reactive to Z-
alkenes. An obvious disadvantage with such TS-1 type zeolites is that they are inherently 
acidic and causes acid-sensitive 3-membered oxirane ring epoxides to further decompose. 
 
Hydrotalcite systems are better and widely used than its zeolite counterparts. They 
are active towards a greater variety of substrates. Typical hydrotalcites used as catalysts 
in epoxidation reactions are polynuclear-alumina clays i.e. Mg10(Al2(OH)24CO3, 
however, simple alumina will also catalyze this reaction. 
 
In contrast to zeolites, hydrotalcite are synthetic anionic clay, which are basic in 
nature. They are basic enough to facilitate nucleophilic epoxidations.77 For example, 
Kaneda developed Mg10(Al2(OH)24CO3) and Mg9.5Al2.6(OH)24.8CO3 for epoxidation of 
α,β–unsaturated ketones with H2O2 in the absence of other inorganic bases.72,78  
 














This magnesium-aluminium based catalyst gives high conversions and 
selectivities for electrophilic epoxidation even when acid sensitive epoxides are produced 














However, such systems require the use of more than 1 equivalent of an amide70 or 
nitrile71 additive to act as a peroxide carrier. Subsequently, this additive is converted into 











Mg10Al2(OH)24CO3 , benzonitrile 
H2O2 , methanol, 60°C , 24 h 
Sodium dodecyl sulfate, 70°C, 24 h 
Mg10Al2(OH)24CO3 , isobutyramide 
98 % 
94 % 
Figure 2-14.  Hydrotalcite epoxidation using 30% H2O 22 – (a) Benzonitrile as peroxide carrier 
and (b) Iso-Butyramide as peroxide carrier. 
Figure 2-15.  Proposed reaction mechanism for hydrotalcite epoxidations  








































2.3.2 Homogeneous Catalyst Anchored Onto Silica Support 
 
 
 “Pseudo-heterogeneous” catalysts can be synthesized by impregnating 
homogenous catalyst onto solid supports such as silica, zeolites or ion exchange resins 
etc. For silica supports, the immobilization methodology is via covalent binding of the 
coordination complexes onto its surface whereas for modified silica or zeolites 69,73,79-81, 
the surface is chemically modified for encapsulating the inorganic complexes. Other 
cases include binding anionic catalyst onto the ion-exchange resins.82,83 
 
Catalysts with Mn-TACN anchored on silica84-87 were also used in heterogeneous 
epoxidation for obvious advantage of easy recovery. An example of such catalyst is 
shown below. Catalysts such as Mn-salen88,89 and Mn-TACN complexes earlier have 
been constructed as heterogeneous catalysts by immobilizing them on modified silica as 












Figure 2-16.  (a) Mn-porphyrins and (b) Mn-TACN anchored on silica. 
a. b. 
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Figure 2-17. Self-recoverable phosphate/tungstic acid system based on catalyst solubility. 
[PO4(WO3)4]3- {PO4[W(O)2(O2)]4}3-
O




In comparison to pure homogeneous catalyst, supported catalyst has reduced 
activities. On the other hand, such supported catalyst also has its own advantages such as 
easy catalyst recovery, reduction of trace metal contamination, and facile methods for 
parallel screening.  
 
2.4 Reaction Controlled Phase Transfer Catalyst 
 
 Catalysts, which are self-recoverable, offer numerous advantages such as lower 
costs, higher product purities and saves time in immobilizing onto solid supports. This is 
especially true compared to common homogeneous tungsten-based systems. An example 











In a recent 2001 Science paper, Zuwei et al.90 reported this same catalyst based on 
the concept of reaction-controlled phase-transfer.  
 






EAQ    +     H2 EAHQ
EAHQ  +    O2 H2O2    +    EAQ
CH3CH=CH2   + H2O2 +    H2O
Pd Catalyst
Net: CH3CH=CH2   + O2 + H2 CH2
O
CH3CH





This tungsten-based catalyst is initially insoluble but forms soluble species upon 
action of H2O2 soluble and oxidizes propene with 30% H2O2 in xylene and tributyl 
phosphates solvent at 35°C. Interestingly, when H2O2 is consumed in the reaction, the 
catalyst precipitates out from the homogeneous reaction mixture for easy recycling. 
 
The catalyst is thus self-recoverable but the disadvantage with this system is that 
tributyl phosphate is not an ideal solvent with respect to environmental concern. In 
general, the tungstate phosphate systems are effective catalysts but its application 
requires the use of some undesirable solvents (often chlorinated media) and is restricted 
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As highlighted in Figure 2-18, the advantages of both homogeneous and 
heterogeneous catalysts are combined in one system through a reaction-controlled phase 
transfer catalyst. When epoxidation of propylene is coupled with 2-thylanthraquinone 
(EAQ)/2-ethylanthrahydroquinone (EAHQ) redox process for H2O2 production, O2 can 
be used to obtain propylene oxide with 85% yield based on 2-ethylanthrahydroquinone 
without any problematic side-products associated with industrial production of propylene 
oxide.  
 
2.5 Comparison of Various Catalysts 
 
It is evident that there are many types of catalysts for epoxidation. Some are toxic 
while others inefficient or use solvents, which are environmentally unfriendly (i.e 
chlorinated medium).The various criteria for consideration of catalyst are compared in 
Table 2-1. 
 
The use of ligands requires special preparation and several synthesis steps. Some 
transitional metal complex catalysts are toxic such as tungsten-based. Ease of separation 
of catalyst from reaction mixture is also one of the considerations in research studies. As 
for choice of oxidants, molecular dioxygen may be inefficient for most oxidation 
processes. Besides oxygen, hydrogen peroxide is probably the next ideal choice. In some 
cases, epoxidation with organic peroxides and peracids have been studied. However, 
organic peroxides are undesirable oxidants too. Hence, both costs and environmental 
impact need to be weighed appropriately which shows MnSO4 is advantageous.
 





Homogeneous Catalysis Heterogeneous Catalysis 
Criteria 










Toxic metal    • •  •  • 
Require ligands • • • n.a • • n.a • • 
Catalyst deactivation  • • • •   • •  
Undesirable solvent  •   • •   •  
Require additives • • • •  • • •  
Affects environment •   • •  • • • 
Difficult  separation • • • • • •    
 
Table 2-1.  Comparison of various epoxidation catalysts. 
 
 
Note      • Undesirable requirements of catalytic system. 
                  n.a  Not applicable. 
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Chemometrics and BTEM Method 
 
 




 Chemometrics is the discipline concerned with the application of statistical and 
mathematical methods to the analysis of chemical data. [Massart et. al 1988, Marten & 
Naes, 1989]. This chapter attempts to introduce the chemometric method used in 
deconvolution of spectral data obtained from online monitoring of Mn-based epoxidation. 
 
For any experiments (e.g Raman or FTIR), the vibrational spectroscopic data 
spectra can be expressed in terms of m x n matrices, whereby m is the wavenumber (cm-1) 
and n is the measurement channel (eg absorbance, transmittance etc). In particular, for 
studies on mechanism and reaction kinetics, online monitoring further generates another 
k dimension in time and yields m x n x k data block (3D) which allows a certain degree 
of variance to be deconvoluted with suitable chemometric methods  
 
 
2.7 Band Target Entropy Minimization (BTEM) 
 
 
2.7.1 Introduction To BTEM 
 
 
Advances in chemometrics have facilitated the analysis of large number of 
experimental data sets to yield meaningful interpretations. In particular, Garland et al91 
developed an effective chemometric method called Band Target Entropy Minimization 
(BTEM) for deconvolution of continuous FT-IR92-94 and Raman95-97 spectroscopic data, 
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discrete data of mass spectrometer98, X-ray diffraction99 and 2D NMR.100 The BTEM 
algorithm has been applied extensively in elucidating some organometallic complex 
reactions101-107 and determination of partial molar and excess volumes108. BTEM 
chemometric method which will be used subsequently in deconvolution of chemical data 
obtained from online monitoring of manganese catalyzed epoxidation will be described in 
the next few sections. 
 
2.7.2 Applicability of BTEM  
 
 Band-Target Entropy Minimization (BTEM) is a self-modeling curve resolution 
(SMCR) Technique.91-93As such, applying BTEM is to obtain pure spectral estimates of 
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 It is known that entropy minimization is associated with pattern recognition 109, 
and entropy like functions are the basis for BTEM. A direct comparison of BTEM with 
other SMCR techniques (based on different principles), for the reconstruction of mid-
infrared spectra from multi-component mixtures has been reported in the literature 93 
 
BTEM combines the concept of signal entropy minimization with that of band 
targeting. From a set of spectroscopic measurements taken of a multi-component system, 
spectroscopic features will be initially untangled and enhanced. These localized features 
will be of interest to the experimentalist, and they can be targeted (specified for retention). 
BTEM then provides an estimate of the full spectrum associated with the feature of 
interest. This full spectrum is in some sense the simplest representation of the constituent 
over the set of measurements made.  
 
Since no a priori system information is needed, and no spectral libraries are 
associated with the analysis, BTEM is particularly applicable to the study of new 
chemical systems, where new and previously uncharacterized components are present in 
the reaction mixture. This feature of BTEM has proven useful for extracting out 
information from spectral data involving the elusive rhodium tetra carbonyl hydride.101 
 
A useful description on the application of BTEM for investigative studies can be 
found in the literature. Finally, it should be noted that since BTEM relies on the concept 
of band-targeting, localized spectral features should be present. As such, BTEM is 
applicable to vibration spectroscopies such as mid-infrared FTIR and Raman.  
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Proper deconvolution relies on repeatable and reproducible signal characteristics. 
For absorption infrared spectroscopy, it is important to conduct measurements in the 
region of linear detector response i.e. when total absorbance, A is less than circa 1.5. 
BTEM also works best when a large set of spectra are acquired with more varied spectral 
variance. 
 
2.7.3 Singular Vector Decomposition (SVD) 
 
 As mentioned earlier, most spectroscopic data set can be expressed as m x n x k 
matrices. When these large dimension chemical matrix needs to be studied by 
chemometric methods, techniques to reduce the matrix of data to the smallest dimension 
are needed. Eigenanalysis is the mathematical method for determining the number of real 
factors such as the number of species and reactions. The outputs from such method are 
eigenvalues and associated eigenvectors of a matrix. The four most commonly used 
methods are SVD (Shrager,1984 and 1986), the power method (POWER), the Jacobi 
method, and non-linear iterative partial least-squares (NIPALS) (Winter, 1992). 
 
The first step of BTEM involves performing singular value decomposition (SVD) 
on the set of spectroscopic data matrix obtained. SVD is a very powerful technique in 
dealing with sets of equations or matrices that are either singular or numerically very 
close to singular. SVD helps to diagnose the problems in a matrix and it is the preferred 
and most stable algorithm (Lawson and Hamson, 1972; Shrager 1986) under the widest 
range of applications. SVD can distinguish eigenvectors, which have minute difference. 
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 For large matrices involving thousands of scalars, the use of SVD is preferable 
(Shrager 1986). With these advantages, SVD is more and more popular. When 
performing singular value decomposition on a spectroscopic data matrix A, the matrix A 




kxvkxkkxv VUA Σ=        ----(2.1) 
 
Matrices U and VT are orthonormal singular vector matrices that satisfy UTU = 
VTV= I, where I is an identity matrix with all diagonal elements equal to 1. Matrix Σ is a 
diagonal matrix whose diagonal elements, called singular values, are equal to the square 
roots of the respective eigenvalues. The matrix containing the singular values Σ contains 
a square diagonal matrix Sk×k  in the first k columns and a zero matrix Ok×(v-k). If the data 
matrix is square, the SVD problem reduces to the classic eigenvalue problem (the jth 
singular value is related to the eigenvalue λj as the square root). The singular values in Σ 
are arranged in decreasing magnitude, representing the decreasing contribution of each 
corresponding vector in VT  to the total variance of the signals, i.e. the first few vectors 
contain a significant amount of meaningful information while the latter vectors contain 
considerable noise. 
 
In real chemical processes, let k denotes the number of spectra and ν denotes the 
total number of channels (commonly  ν  >> k), an Ak×ν  data matrix can be obtained when 
all spectra are collected at the end of online monitoring. It is assumed that both k andν are 
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greater than s, the number of components in the data set. The set of spectroscopic 
measurements is related to pure component spectra for the s observable species denoted 
as as×ν. The relative concentration of the s species and the error are denoted as ck×s and εk×ν, 
respectively. It has been mentioned in considerable detail elsewhere (Garland et al.1997) 
that as×ν can usually be considered as constant, and the error matrix εk×ν represents random 
experimental error, instrumental error and non-linearity in the absorptivities. The 
pathlength, l k× k  , can be considered as constant at ambient pressure. 
 
ννν εkxsxkxskxkkx aclA +=    ----(2.2) 
 
 
When performing SVD on a set of experimental spectra A, which is obtained 
sequentially with time, a set of singular values or eigenvalues are computed. For an ideal 
case without any kind of noise, the real factors should equate to the number of non-zero 
singular values. For real system, the number of non-zero singular values is always greater 
than real factors. The significant singular values correspond to real factors while the 
remaining represents the noise in the system. To determine the number of significant 
factors, visual checking or statistical testing (Malinowski, 1988) should be incorporated.  
 
Filtering techniques (Smit, 1992a and 1992b) are always preformed before SVD 
to enhance the quality of data to get correct factors. In fact, VT is an abstract matrix 
associated with the pure component spectra matrix as×ν  (Malinowski, 1991). If there are no 
nonlinearities in the system (and this is seldom the real case), then the first s VT vectors 
contain all the information associated with the absorptivities of pure components, â, and 
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the two matrices are related by a square transformation matrix T as shown in equation 
(2.3). Similarly, the estimated concentration matrix ĉ is related to U and the rotation 
matrix T in equation (2.4). It is important to point out that in most real physically 
meaningful situations, equations (2.3) and (2.4) are at best crude approximations. First, 
the spectroscopic problem is not linear, and secondly, one does not know the number of 
species s present within the reaction system in advance. 
 
     â sxν  = T sxs x VT sxν      ----(2.3) 
 
        
            ĉ kxs  = T kxs Σ sxs T-1sxs      ----(2.4) 
 
 
2.7.4 Shannon Entropy Minimization  
 
 Entropy minimization is known to be a powerful pattern recognition tool 
(Watanabe, 1981) and is associated with the principle of simplicity (Kapur, 1993). Sasaki 
et al (1983) have shown that it is possible to transform the eigenvectors from the second 
moment of the spectroscopic data (i.e. basis vectors similar to the right singular vectors 
VT), into a set of vectors which approximate the shape of the pure component 
absorptivities.  
 
The procedure is based on solving a Shannon’s entropy minimization problem 
(Kapur, 1993). The Sasaki’s algorithm used equation (2.5) as its objective function, 
where the function is w.r.t T s × s  and the entropy function hsv  is given by the normalized 
second derivatives of the estimated absorptivities (equation 2.6). 
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νν     ----(2.5) 










ν      ----(2.6) 
 
Sasaki used equation (2.3) to get estimated pure spectra â s × v  by using a square 
matrix Ts xs . Equation (2.3) reconstructs out all potential pure spectra in one optimization. 
This method is called “square s×s problem”. For an unknown system, the number of 
species s is unknown. When Sasaki’s entropy minimization method is applied to get pure 
spectra, an arbitrary number of species, s, should be used i.e. the arbitrary number should 
exactly equal to the real number of components in system. 
 
In Sasaki’s method, two constraints should be imposed to ensure the non-
negativity of estimated pure component spectra and concentrations; it is achieved by 
introducing a penalty function into the objective function, i.e. equation (2.7). The pure 
component spectra and concentrations matrices are related to the rotation matrix Tsxs  in 
equations (2.3), (2.4) and (2.6) respectively. 
 




νν  + P(â, ĉ)    ----(2.7) 
 
 
where P is the penalty function and defined by equation (2.8), F1 and F2 are the functions 
associated with the pure component spectra and concentration matrices respectively; γa 
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and γc are penalty factors that are empirical constants. The detail about these equations, 
refer to Sasaki’s paper (1983). 
P(â, ĉ)  = γa F1(â) + γc F2 (ĉ)     ----(2.8) 
 
Following Sasaki’s method, Zeng and Garland (1998) suggested the use of a 4th 
order derivative (for high quality differentiable data) within an entropy type functional 
and reformulated an appropriate objective function. Such entropy function is anticipated 
to produce final approximations for pure component spectra which are smoother and 
more symmetric, and possess fewer spectral artifacts arising from other components in 
the multi-component solution. Pan et al.(2000) proposed an algorithm using weighted 
spectral regions either on the entire spectrum or part of the spectrum. This method is very 
useful for problems where signal variance differs greatly from one region of the spectrum 








The methodology previously discussed is suitable for dealing with systems 
involving very few (e.g. two) components, due to the limitations of the model and the 
optimization algorithms used.  
 
Widjaja and Garland (2002) successfully extended the entropy minimization 
algorithm to a synthetic 7-component system by using Corana’s simulated annealing (SA) 
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(Corana, 1987) as optimization method, so that large-scale entropy minimization 
problems with multiple observable species could be solved. In above-mentioned 
algorithms, the rotation square matrix T with dimensions of s x s has to be solved at the 
same time by an optimization method. This “square problem” may encounter 
computational difficulties when s increases, band positions shift and band shapes change. 
 
 One of the problems in the use of entropy minimization methods is deciding the 
number of components s in system. For a real system, the observable number of species 
would be determined by the significant number of eigenvectors. There are several 
statistical criteria for determining the significant number of eigenvectors (Carey, 1975) in 
entropy minimization methods. In particular, Malinowshi F-test method (Malinowshi, 
1990 and 1999) was used to determine the number of observable species in system. 
 
 
 Other than reconstructing pure spectra from mixture, entropy minimization 
method can be used in many fields. Chen et al (2002) used Shannon’s entropy 
minimization method in automatic phase correction of 1H NMR spectra. The results of 
automatic phase correction are found to be comparable to, or perhaps better than, manual 
phase correction. Chen and Garland (2002) applied entropy minimization method to 
precondition in-situ FTIR spectra. In their method, background spectra such as H2O and 
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2.7.6       Band Target Entropy Minimization (BTEM) Method 
 
 
 Based on entropy minimization method, Chew et al (2002) developed a band-
target entropy minimization method (BTEM). Different from reconstructing all the pure 
spectra at the same time, BTEM reconstructs one pure spectrum at a time. For square 
problem entropy minimization method, when a certain number of VT vectors are used in 
optimization, the same number of pure spectra will be reconstructed even when the 
assumed number of components s is wrong. In BTEM, whatever the number of VT vectors 
used in the optimization, the result is always one spectrum. It is less important to know 
the exact number of observable species in BTEM.  
 
 A rough number of VT  vectors, say j > s, are taken from VT matrix, these j vectors 
are then transformed, one-spectrum-at-a-time, into an estimated pure component spectra. 
In this way, the “square problem” of solving s x s unknowns is avoided and instead, from 
equation 2.3, each TsxsÆ T1xj and this unknown is solved. The utility of BTEM in solving 
the “blind” spectral reconstructing problem (e.g. no prior information given) arises 
because  
1. No assumption concerning the number of observable species is necessary.  
2. Spectral quality after reconstruction is greatly improved because non-linearity can 
be taken into account by targeting a small band of peak.  
3. The algorithm is goal oriented - one targets an observed feature in VT  and then 
recovers the associated entire function (pure component spectrum). 
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 BTEM algorithm is initiated by targeting a feature in the matrix VT = [Vv×k , Vv×(v-k)]T, 
where only the first k vectors have physical meaning (k experimental measurements were 
made). The algorithm retains this interesting spectral feature and forces a reconstruction 
of the associated entire pure component spectrum. In terms of mathematical aspects, the 
main difference between the original square problem entropy minimization and BTEM is 
the way to reconstruct pure spectra. The estimated pure spectrum in every reconstruction 
is shown in equation (2.9) 
 
â 1xν  = T 1xj x VT jxν    ----(2.9) 
 
The objective function of BTEM is similar to that of square problem entropy 
minimization. Compare with “square problem” entropy minimization method, BTEM 
uses a column T1xj to replace the rotate square matrix Tsxs as in equation (2.3) and 
reconstructs spectra one by one. The BTEM algorithm has been successfully applied to 
many real systems such as FTIR (Chew, 2002), Raman (Ong, 2001; Sin, 2002) and in-
situ reactions (Widjaja et al., 2002) and has shown its considerable usefulness in finding 
unknown components and dealing with the pure component spectra of unstable species 
(Li et al., 2002). It should be noted that these applications involved only continuous 
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 In summary, the BTEM method can be summarized as a pseudo algorithm: -  
 
 
1. Singular Value Decomposition (SVD) of the spectral data array An×ν with n 
spectra and ν number of spectroscopic channels. This step is crucial for the 
“untangling” of highly overlapping spectral bands within the data set An×ν. 
Pertinent spectral features will be revealed in the right singular matrix VTn×ν 




nxvnxnkxv VUA Σ=       ----(2.10) 
 
 
2.  Band Targeting (BT) involves visually inspecting the initial vectors from right 
singular VTn×ν matrix for unique prominent spectral features (usually spectral 
bands/ peaks) that are likely to correspond to spectral patterns of underlying pure 
components. Target the identified prominent spectral features one-at-a-time to 
retain each targeted feature possibly associated with the spectral patterns of 
underlying pure components. Set the corresponding BTEM band-target (BT) 
parameters for each and every identified prominent spectral feature/ band: 
 
(i) Maximum or minimum position; e.g. peak center position wavenumber in 
FTIR/Raman. 
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(ii)   Lower bound of spectral feature/ band (ν BT lower ); e.g. lower wavenumber                  
        in FTIR/Raman. 
(iii)  Upper bound of spectral feature/ band (ν BT upper); e.g. upper wavenumber in  
        FTIR/Raman. 
(iv)  Upper “absorbance” bound to resolved spectral estimate εˆr 1× ν, with  




4.  Formation of VT Basis set. An arbitrarily large j number of initial right singular 
vectors VT j ×ν  (1 << j ≤ n) is defined as the basis set for BTEM spectral resolution. 
The resolution for pure component spectra follows the equation shown below in 
which each band-target is rotated one-at-a-time using a transformation vector T1× j   
to produce spectral entropy minimized pure component spectrum estimate εˆr 1× v . 
The elements of T1×j  are to be numerically determined using optimization 
algorithm with suitable objective function in Step 5. 
εˆr 1× v = T1× j   .VT j ×ν   
 
5.  Corana’s Simulated Annealing (SA) Optimization and Shannon Entropy 
Minimization Objective Function. To construct the corresponding simplest (that 
is, spectral entropy minimized) spectral estimate εˆr 1× v associated with each band 
target BT, numerical optimization has to be performed according to the objective 
function Eq. 2-11. The first term in Eq. 2-11 is the Shannon information 
entropy110 of the pure component spectral estimate εˆr 1× v  , and second term is a 
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penalty function P with 3 constraints imposed on εˆr 1× v  and its relative 
concentration cˆr n× 1  . The abstract search space for such a minimization will 
certainly entail a non-linear topology. As such, the stochastic global optimization 
Corana’s Simulated Annealing (SA) algorithm111 is employed in BTEM,91-93 
whereby further details on this objective function and global optimization can be 
found. 
 








111 )ˆ,ˆ,ˆ()](ln[)( νν εενν rrr       ---(2-11) 











 Furthermore, in the more generalized BTEM strategy, the spirit of spectral 
“entropy” minimization is extended to include two new terms in the objective function G 
to facilitate εˆr 1× v   spectral reconstruction. They are the sum of spectral derivative and the 
spectrum integrated area. This generalized objective function is written as Eq. 2-12. The 
spectral derivative terms in function G can take the orders n = 1, 2 or 4.  
 






















ν εενεννν rrr ---(2-12) 
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 In using the generalized BTEM algorithm, the objective function terms of 
Shannon information entropy, spectral derivative and integrated area can be selectively 
activated or deactivated. This is to allow for different combinations of generalized 
spectral entropy for efficacious resolution of pure component spectra. Such greater 
flexibility was found to be extremely useful for elucidating unknown pure component 
spectra imbedded in different sets of spectroscopic data.  
 
2.7.8 BTEM as an Effective Data Analysis Tool  
 
 BTEM is a useful chemometric method for deconvoluting a large set of chemical 
data with prior knowledge of the number of species present in the reaction system. It has 
been applied to both continuous and discrete data sets. BTEM has also been incorporated 
into a user friendly MATLAB® based BTEM-GUI beta version software. In the latter 
chapters, BTEM-GUI will be used to analyze the experimental data obtained from online 
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Nuclear Magnetic Resonance (NMR) Spectroscopy 
 
3.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 
 
 Nuclear Magnetic Resonance (NMR) has long been an analytical tool for chemists 
in the area of structural analysis.112 NMR serves several functions in both liquid-state 
NMR and solid state NMR analysis. In particular, modern NMR are frequently divided 
into several categories such as high resolution mode on homogenous solutions, high 
power mode on highly relaxing nuclei which exhibit very broad lines, study of solids 
using magic angle spinning techniques and NMR 3D imaging with resolutions of ~ 1 
mm. High resolution facilitates functional group analysis (chemical shifts), determination 
of bonding connectivity and orientation (J coupling), through space connectivity 
(Overhauser effect), molecular conformations, DNA and enzyme sequence, structure and 
chemical dynamics (Lineshapes, relaxation phenomena). 
 
 13C NMR spectroscopy has been used for the structural determination of organic 
and biochemical species based on chemical shifts in various chemical environments. The 
most abundant isotope 12C has negligible or no overall nuclear spin due to the fact that 
12C has an equal number of protons and neutrons. In contrast, the 13C isotope has spin ½, 
although it is only 1% abundant. The 13C signals are relative to tetramethylsilane (TMS) 
with δ values, typically ranging from 0~200 ppm. Use of isotopic effect [18O] serves as a 
significant new experimental technique in studies of a number of interesting biological, 
physical-organic and mechanistic inorganic reaction problems.113,114 
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3.1.1 Investigations with 13C NMR Spectroscopy  
  
 In this chapter, 13C NMR was used to study the interactions between HCO3-, H2O2 
and Mn2+(aq) in N,N-dimethylformamide (DMF) and gather some structural evidence 
regarding the catalytic Mn-complex that is present during epoxidation. In contrast to 
proton spectra, the effect of substituents on 13C shifts is not limited to the nearest atom, 
thus it will serve as affirmative test to mix isotopically labeled bicarbonate NaH13CO3 
with H216O2 versus H218O2 and subsequently, the reaction of these mixtures with Mn2+ in 
DMF. These tests are then compared to deduce the presence of any peroxo Mn-complex. 
 
3.1.2 Preparation of Standard Reagents 
 
Three samples (A, B, C) were prepared for 13C NMR analysis. Sample A was 
prepared by dissolving 0.00559 g  NaH13CO3 (s) in 0.43g water and then mixed with 0.36 
ml DMF. Sample B was further obtained by adding 0.332 g of H2O2 to Sample A. 
Subsequently, 0.00063 g MnSO4.H2O was dissolved in 0.2g water and then added to 
sample B to form the resultant complex, Sample C.  
 
 All the NMR samples (A-F) are contained in 5 mm NMR tubes with co-axial 
inserts (OD 2mm) containing 5 drops of deuteriated D2O solvent for locking purposes. 
All measurements were carried out with Bruker™ Ultrashield 400 Hz instrument, with 
350 scans using 13C decoupled mode.  
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3.1.3  Existence of Peroxocarbonates and Mn-Complex  
 
Peroxocarbonates exhibit oxidative activities and are well-known to act as 
bleaching agents and they are also possible active intermediates in some biochemical 
reactions.115 Previous studies have shown the existence of such species.116-119 In addition, 
an interesting observation comes from the work of Adam et al.120 who established the 
presence of [H(O2)CO2]- ions from X-ray structural analysis. Burgess et al.4,5,121 also 
found the presence of such HCO4- species in his catalytic system and similarly, 














Figure 3-1.  13C NMR spectrum of (a) H13CO3 in DMF solvent, (b) Formation of 
H13CO4- in DMF and (c) Formation of Mn-Complex with single 13C atom at 124 ppm  (*) 
Denotes DMF solvent peaks. 
 




















































Scheme 3-1.  Formation of manganese-peroxocarbonate complex in DMF. 
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In Figure 3-1 (a), the spectrum shows a clear signal at ca. δ160 ppm for H13CO3-
(aq) in DMF. Upon addition of H2O2 in Figure 3-1(b), an adjacent peak shows up at δ158 
ppm, indicative of peroxocarbonate species HCO4-(aq). However, the interaction of 
peroxocarbonates with manganese is not well established. Here, in Figure 3-1(c), reaction 
of HCO4- with Mn2+ generates a new signal at 124 ppm which is suggestive of a singular 
carbon-containing complex formed in DMF. This result provides evidence for the 
possibility of a manganese-peroxocarbonate complex (MnCO4) with a single carbon as 
shown in Scheme 3-1.  
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Online Raman Spectroscopy 
 
 
3.2 Raman Spectroscopy  
 
 Raman vibrational spectroscopy has gained wide applications124-126 in research 
since the advent of lasers in the 1960s. Raman spectroscopy is applicable for both solids 
and liquid analysis. Further to this, the rapid advancement of such instrument facilitates 
laser irradiation (UV/NIR laser source) coupled with robust data signal collection, 
processing capabilities and software automation to enable fast online monitoring in 
advanced reaction studies. Recent market developments push forth newer compact, 
analytical Raman optic fiber probes, which are reliable and convenient for online analysis. 
 
3.2.1         Investigations with Online Raman Spectroscopy 
 
In this study, Raman is particularly useful for analyzing Mn-epoxidation 
involving aqueous H2O2 because in Fourier Transform Infra-Red (FT-IR) spectrometers, 
this water content has a drastic effect on the S/N ratio which precludes subsequent data 
analysis to elucidate any meaningful spectral information. The IR signals arise from a 
change in the dipole moment of a molecule whereas Raman peaks arise from a change in 
the polarizability. In many cases, transitions allowed in Raman are forbidden in IR. 
Hence, Raman is a complementary technique to FTIR and is well-suited for studies on 
transitional metal complexes involving aqueous medium in the far infrared (FIR) region. 
In addition, Raman spectra are relatively unaffected by gas generation giving a stable 
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baseline with potential applications for studies on ill-behaved biphasic reactions. Raman 
experiments herein were carried out with the assistance of Dr Chew Wee and Dr Bujie. 
 
 
3.2.1.1 Basic Experimental Set-up 
 
 Kaiser Optical System Inc. (KOSI) recently introduced the newest member of the 
RamanRxn Systems™ suite of Raman analyzers: the PhAT System which comes with a 
Raman optical fiber probe head which operates in a non-contact mode irradiation upon 
the analyte solution to yield fast, simultaneous full spectral collection for in-situ and real 
time analysis. In a way, Raman spectroscopy provides the chemical specificity of a mid-
IR (MIR) analyzer with the ease of sampling of a near-IR (NIR) analyzer. The basic 
experimental set-up for Mn-epoxidation with online Raman spectroscopy is shown in 






















10mm Spectrosil™  
Quartz FlowCell (3ml) 
with black background 
Shielding 
150ml Sealed  
Glass Reactor on 
HotPlate Stirrer 
Microgear Pump 
25ml/min Peristaltic Pump 0.5 ml/min  
HCO3-  H2O2 Buffer 
on Balance 
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 A microgear pump is set at a constant rate of 25ml/min to maintain continuous 
flow of reaction mixture through the 10 mm Spectrosil™ quartz cell (3ml) from the glass 
reactor while the Raman probe (400 mW  power, 785 nm source) was set to irradiate 
laser in a horizontal orientation for 30 sec with approximate irradiation power of 148 mW 
at the probe end for consecutive data acquisition with 3 sec per accumulation for 6 
accumulations. Another peristaltic pump was used to dose a pre-fixed amount of buffer 
solution from a weighing balance at a constant rate of 0.5 ml/min to the continuously-
stirred reactor at 400 rpm. Disadvantages with using Raman include the interference from 
surroundings and background fluorescence. Spikes associated with cosmic rays /stray 
light can be easily overcome with a black body shielding over the compact probe and the 
quartz cell. A good practice is to use another black color background behind the cell to 
eliminate the background fluorescence to achieve a better spectral baseline. 
 
3.2.1.2 Preparation of Reagents  
 
 Firstly, 0.063 g solid manganese(II) sulfate monohydrate salt [≥99% MnSO4.H2O, 
Fluka] was dissolved in 20 ml H2O and subsequently mixed with 36 ml of N,N-
dimethylformamide [≥99.8% ,Aldrich], DMF under continuous stirring at 400 rpm in the 
reactor in Figure 1. At t=0 min,  the buffer solution containing 0.487g sodium 
bicarbonate [>99.5%, Sigma Ultra] dissolved in 29.5g of 30% hydrogen peroxide, 
[Sinochemical Co Pte Ltd] was continuously dosed into the reactor and Raman 
spectrometer was initiated for kinetic monitoring.  
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Figure 3-3.  Experimental procedure and dosing profile.  



























 After 30 mins of continuous dosing, the solution was held for 1 min before 
another 1 g buffer was further dosed. At this time, 3g styrene [99+%, Aldrich] was 
injected into the reactor with ongoing dosing for another 25 mins. The reaction time 





     




     
 


















Reagents Amount Millimoles 
MnSO4.H2O 0.064 [g] 0.38 
H2O [Mn Dissolution] 20 [ml] -- 
NaHCO3 0.487 [g] 5.80 
30% H2O2 29.5 [g] -- 
Pure H2O2 [From 30% H2O2] 8.85 [g] 260.4 
H2O [From H2O2] 24.4 [ml] -- 
DMF 36 [ml] -- 
Total H2O 44.4 [ml] -- 
C=C 3.3 [ml] 31.7 
Volume  83.7 [ml] -- 
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 Various spectra number are demarcated in accordance to the dosing profile during 
the reaction. As can be seen in Figure 3-3, a total of 240 spectra were taken during online 
Raman monitoring for styrene epoxidation with 1 hour of bicarbonate-H2O2 buffer dosing. 
 
3.2.1.3 Aspects of Experimental Design 
 
 The continuous dosing of H2O2-HCO3- buffer at a low constant rate of 0.5 ml/min 
is important for the in-situ formation of Mn-complex catalyst. Fast dosage at an instance 
of time causes large generation of exothermic heat and unknown solid precipitation. The 
continuous buffer dosing not only provides a constant supply of oxygen source 
throughout the reaction but most importantly, it perturbs the reaction system and creates a 
degree of spectral variance to persist till the reaction time which is critical for use as 
inputs for deconvolution algorithm using BTEM. Another important point to note is the 
DMF: H2O ratio. This ratio is extremely important for formation of the complex. In the 
extreme case of completely pure aqueous environment, black solid precipitate is observed 
whereas in DMF-rich medium, the solution remains as a homogenous mixture. 
 
3.2.2         Data Analysis of Online Raman Data 
 
The resultant spectra of the online monitoring experiment are shown in Figure 3-4. 
There is abundant spectral information within the array matrix expressed from the 
wavenumber and intensity. This offers a clue to the possible structure of the in-situ 
complex existing in the reaction mixture. 
 




































3.2.2.1 Application of Band Target Entropy Minimization (BTEM)  
 
 The raw Raman spectroscopic data in Figure 3-4 was analyzed using advanced 
chemometric method with band target entropy minimization (BTEM). BTEM is useful 
for deconvoluting  a large amount of experimental spectroscopic data set (both 
continuous and discrete) without any prior information about the number of species or 
pure components inside the reaction system as explained in Chapter 2. 
 
3.2.2.2 Singular Vector Decomposition (SVD) 
 
 From the online monitoring experiment, 150 x Raman spectra can be obtained and 
expressed as m x n matrics where m is the intensity and n is the number of measurement 
channels. Subsequently, singular vector decomposition (SVD) was applied to extract the 
Figure 3-4. Raw Raman spectra from online monitoring. 
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right singular VT vectors containing spectral variance information as explained in the 
algorithm in Chapter 2. During SVD, a point to note is that the continuous buffer dosing 
perturbs the system to create constant variance in the data set to allow better 
deconvolution with BTEM.As a start, 15 VT vectors are postulated. This is reasonable as 
this number of VT presumed is larger than the number of reagents within the system.  
 
 As shown in Figure 3-5, the first 15 VT vectors are obtained and plotted. From 
visual inspection, it can be clearly seen that the first few VT vectors contain the most 
significant amount of spectral information for band targeting compared to the last few 




































































































Figure 3-5.  Right singular VT vectors obtained from SVD. 
V1T V2T V3T 
V4T V5
T V6T 
V7T V8T V9T 
V10T V11T V12T 












































3.2.2.3 Band Targeting Using VT Vectors 
 
 Matrix Σ is a diagonal matrix whose diagonal elements, called singular values, are 
equal to the square roots of the respective eigenvalues. The singular values in the 
diagonal elements of Σ are arranged in decreasing magnitude, representing the decreasing 
contribution of each corresponding vector in VT to the total variance of the signals, i.e., 
the first few vectors contain a significant amount of meaningful information while the 
latter vectors contain considerable noise. This Σ matrix is extracted and plotted as shown 











 A total of 30 bands are identified in these 15 VT vectors and used as inputs, 
together with the band target parameters for Corana’s self annealing (SA) and objective 
function global optimization in the BTEM iterative algorithm. These bands are tabulated 
as shown in Table 3-2 to compute and reconstruct the pure component spectrum. 
Abstract Index Bands 
Targeted 
1470 3396 5406 
2212 3411 5505 
2282 3423 6006 
2649 3761 7830 
2900 4077 8029 
2955 4259 9453 
2973 4777 9669 
2977 4790 9877 
2987 4801 9895 
3009 4874 10290 
Table 3-2.  Band selection for targeting. Figure 3-6.  Singular values of VT vectors. 
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3.2.2.4 Pure Component Spectra Reconstruction  
 
In this stage, the normalized pure component spectra can be reconstructed using 
iterative optimization based on the principle of entropy minimization and BTEM 
objective function by inputing all the  band targets, VT vectors and original spectra matrix 
as explained in Chapter 2. As can be seen, in Figure 3-7, there are 4 pure species present 
in the reaction system. They represent DMF solvent for the reaction, styrene reactant and 
styrene epoxide product respectively. Interestingly, the last spectra in Figure 3-7(d) 
generated from the BTEM algorithm is strongly believed to be the active Mn-complex 


















Figure 3-7.   Normalized BTEM-constructed pure component spectra. 
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3.2.2.5 Comparison of Reconstructed Spectra with Standards 
 
Interestingly, in Figure 3-7, the reconstructed spectra of DMF solvent and styrene 
are stable whereas for epoxides and Mn-complex, the noise level is slightly higher. This 
could be explained by the low concentration of Mn-complex intermediate during the 
reaction and low initial epoxide product for that period of monitoring. To validate the 
results, the reconstructed BTEM spectra Figures 3-7 (a) to (c) are then plotted and 
compared with the spectra of pure DMF, styrene and styrene epoxide in Figure 3-8. The 
BTEM-reconstructed spectra match well with the spectra of standard DMF, styrene and 
styrene epoxide. This establishes the validity of the algorithm and hence, the fourth 
spectra in Figure 3-7(d) does indeed represent a real species which is believed to be none 












Figure 3-8 Comparing BTEM-reconstructed   
spectra of Mn-complex with pure (a) DMF,  
























3.2.2.6 Concentration Profile of Individual Species  
 
 The respective concentration profile of each component within the mixture with 
respect to time can be obtained as a relative percentage shown in Figure 3-9. The reaction 
concentration profile can still be interpreted with respect to its shape and trend. As can be 
seen in Figure 3-9, the profile for styrene shows a decreasing trend, typically for a 
depleting reactant while that of epoxide, it is increasing as reaction proceeds. A point to 
note is that the formation of complex is a prior step before adding styrene (t=30 min). An 
important observation for Mn-complex in Figure 3-9 is that it is relatively unchanged, 
indicating that its presence could be constantly maintained and replenished by the 













Figure 3-9. Concentration profile during epoxidation.   
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3.2.3 Assignment of Characteristic Peaks of Styrene and Epoxide  
 
 BTEM is particularly useful for deconvoluting an array of complex spectra with 
overlapping peaks, embedded peaks and elucidating any intermediates and identification 
of a large number of species within the same system. In the above-mentioned cases, the 
problem is not so straightforward and precludes the use of ordinary commercial software 
However, for epoxidation of styrene in this case, it is possible to infer from the original 
raw spectra on whether the reaction is really taking place and generate the reaction profile 
with some simple spectral manipulations using Bruker OPUS© software. 
 
 First of all, the assignment of peaks unique to styrene and styrene epoxide can be 
carried out by comparing standard FT-Raman of similar classes of compounds- pure 
styrene, epoxides, benzene and ethylbenzene in Figure 3-10. Styrene is first compared 
with its epoxide Figure 3-10 (a) and (b). It is evident that the only peak which is not 
overlapping with each other are 1254 cm-1 belonging distinctively to ν(C-O-C) 
vibrational mode of the epoxide and 1631 cm-1 belonging exclusively to styrene. In 
addition, styrene is further compared with ethylbenzene Figure 3-10 (c) and the only 
difference in the structure lies in the C=C versus C-C. Hence, 1631 cm-1 signifies the 
C=C vibrational mode. A common peak which is occurring among styrene, styrene oxide 
and ethylbenzene is at ca. 1000 cm-1. This peak can be assigned to the symmetric 
aromatic ring stretching mode as comparison was carried out against benzene Figure 3-
10(d).The 2 unique peaks (i.e 1254 and 1631 cm-1) are then targeted during online 
monitoring for profiling the epoxide product and styrene reactant respectively. 
 


























a.   Styrene 
b.  Styrene Epoxide 
c.   Benzene 
d.    EthylBenzene 
Figure 3-10. Standard Nicolet FT-Raman spectra from Aldrich Sigma Chemicals* –   
                (a) Styrene , (b) Styrene epoxide, (c) Benzene and (d) Ethylbenzene. 
                     *http://www.sigmaaldrich.com 
ν (C=C), 1631 cm-1 
ν (C-O-C), 1254 cm-1
ν [C6-Ring],  ~ 1000 cm-1 
ν [C6-Ring], ~ 1000 cm-1 
 





Other modes of styrene 
1156 , 1181, 1203 cm-1  
ν (C=C) 
1631 cm-1 
Figure 3-11. 3D reaction profile belonging to characteristic (a) Epoxide peak (Increasing       
                 at  1254 cm-1) and (b) Styrene peak (Depleting at 1631cm-1). 
Time 
From the previous section, it can be clearly seen from those FT-Raman standard 
spectrum, the exclusive Raman shift for C-O-C vibration mode (epoxide product) was 
confirmed to be at 1254 cm-1 while that for C=C is at 1631 cm-1 (styrene reactant). The 
other characteristic peaks are either obscured by other species such as overlapping with 
DMF solvent or less obvious than that were mentioned. Baseline correction using 
OPUS© software was done on all the Raman spectra and normalized with respect to 












 Epoxidation can be clearly observed with increasing product ν(C-O-C) peak at 
1254 cm-1 while the reactant ν(C=C) was represented by a diminishing peak at 1631 cm-1 
in Figure 3-11. This matches well with the reaction profile in Figure 3-9 and confirms the 
reaction is ongoing. In addition, gas chromatography (GC) chromatogram shows a clear 
signal at t =9 min retention time for presence of epoxide product. 
a. b. 
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Table 3-3.  Characteristic peaks of  
   Mn-complex. 
 Figure 3-12.  Normalized BTEM reconstructed 
         spectra of Mn-complex. 
 
3.2.4 Spectral Analysis of Mn-Complex  
3.2.4.1 Characteristic Raman Peaks of Mn-Complex 
 
The peaks identified in the BTEM-reconstructed pure component spectra of Mn-
complex in Figure 3-12 are summarized in Table 3-3. All the peaks showed up in the 
same spectrum, an important indication that they belong to the same compound co-
existing in the same reaction mixture as styrene. The peaks are highly likely to be 











 The BTEM reconstructed spectra of the Mn-complex is compared with raw 
Raman spectra after some signal processing such as baseline correction and normalized 
with respect to DMF solvent peak. The treated Raman spectra matches well with the 
BTEM spectra of Mn-complex as shown in Figure 3-13 (inset). 











Chapter 3 – Experimental and Theory  
 
 65
 There are some obvious increasing peaks – 420, 643 , 850, 1781, 2389 and 2881 
cm-1 but there are also other slight bulges in certain bands 400~ 410, 860~880 and 
975~1015 cm-1, indicating that some possible peaks are embedded within these bands as 





Table 3-4. Embedded bands and corresponding BTEM-resolved peaks. 
 
 With the application of BTEM, the various characteristic peaks belonging to the 
complex embedded in those bands are elucidated and summarized in Table 3-4. BTEM 
not only serves as a tool to deconvolute highly overlapping peaks embedded within any 
bands but it also extracts out peak(s) belonging to the same compound which is 
instrumental to drawing conclusion regarding its structure,  especially if there are several 
increasing peaks and no prior information is known. Most importantly, not all of them are 
easily identifiable to any one component within the reaction mixture.  
 
 The peaks of Mn-complex at 404 and 873 cm-1 will be discussed under the ν(Mn-
O) and ν(O-O) bond vibrations in Sections 3.2.6.1 and 3.2.6.2 respectively , while 1008 
cm-1  (i.e last row of Table 3-4 ) will be analyzed in the next section 3.2.4.2. 
 
 
S/N Embedded Bands [cm-1] BTEM-resolved Peaks [cm-1] 
1 400  ~ 410 404 
2 860 ~ 880 874 
3 975 ~ 1015 999, 1002, 1008 
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Figure 3-13.  Comparison of BTEM reconstructed spectrum of Mn-complex with online Raman   
                       spectra. 
Legend 
 
vw = Very weak 
w   = Weak 
m   = Medium 
s    =  Strong 
E    = Embedded 
 




























3.2.4.2 Embedded Peak of Mn-complex 
 
 Besides the characteristic peak at 1631 cm-1, there is also another peak at ca 999 
cm-1 belonging to styrene, which is highly overlapping with 1002 cm-1of styrene oxide. 
During the Raman online monitoring, a gradual shift from 999 Æ 1002 cm-1 was 
observed which indicates epoxidation reaction was proceeding as shown in Figure 3-14. 
 
 Interestingly, within the 975 -1015 cm-1 region, a mysterious peak seems to be 
partially embedded together with the characteristic styrene and styrene oxide peaks. This 
can be observed but not confirmed. Deconvolution of these spectra using BTEM 
algorithm clearly showed that there is indeed a catalytic complex peak at 1008 cm-1 in 
























 999 cm-1 
Time





Figure 3-14.  Gradual peak shifting from styrene to styrene oxide. 
Figure 3-15.  Deconvoluted spectra. 
Styrene Oxide 
1002 cm-1 Mn-Complex 
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3.2.5 Control Experiments  
 
 Due to the fact that there are quite a number of unknown factors, some control 
experiments are conducted and the objectives for carrying them out are summarized in 
Table 3-5 below. Some of these experiments provide useful information on the formation 
of the Mn-complex and the interaction of various species within the reaction mixtures.  
 
S/N Experimental Description Objective 
1. DMF + Mn2+(aq) dosed with HCO3-(aq)+ H2O2(aq) Explained in  Section 3.2.2 
2. DMF dosed with HCO3-(aq) + H2O2(aq) Investigate role of Mn2+    
3. DMF+ Mn2+(aq) dosed with  H2O2(aq) Investigate role of HCO3-    
4. DMF + H2O Interaction of DMF and Water 
5. DMF + Mn2+(aq) Interaction of DMF and Mn2+ 
6. HCO3-(aq) + H2O2(aq) 
Interaction of HCO3- and H2O2   to check 
Gases
7. 
Pure Reagents + Standards 
Standards for reference and comparison 
H2O, HCO3-(aq) , 30% H2O2(aq) ,Mn2+(aq) , DMF, Ph-
C=C (l) , Ph-C-O-C (l) , NaMnO4, MnO , MnO2, 
Mn3O4, Mn(HCO2)2   ,MnCO3 
Reference and Comparison 
Table 3-5.  Control experiments design for comparison. 
 
 
3.2.5.1 Experiment 1 - Preparation of Mn-Complex in DMF 
 
 
 This experiment was carried out and explained in Section 3.2.2 with the formation 
of Mn-complex which catalyzes epoxidation of styrene. The other experiments will be 
compared against this result. 
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R a m a n  S h i f t  ( c m - 1 )  
HCO4- 
3.2.5.2 Experiment 2 - Preparation of complex without Mn2+ 
 
The reaction for preparation of Mn-complex in Section 3.2.2 was repeated except 















 It can be seen that DMF spectra was elucidated from the data but the Mn-complex 
was not observed. With the dosing of HCO4- buffer to DMF, the expected characteristic 
peaks of Mn-complex did not show up and this confirms that without Mn2+(aq) ,the 
complex is not formed at all. Thus, its is evident that Mn2+(aq) is crucial towards the 
formation of the complex. The presence of HCO4- formed as a result of interaction 
between aqueous bicarbonate and H2O2 .  
Figure 3-16.  BTEM reconstructed spectra without Mn2+. 
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R a m a n  S h i f t  ( c m - 1 )
Figure 3-17. BTEM reconstructed spectra without HCO3-  (a) DMF , (b) H2O2 











R a m a n  S h i f t  ( c m - 1 )
H2O2 
DMF 
3.2.5.3 Experiment 3 - Preparation of complex without HCO3- 
 
 
Similarly, the reaction for preparation of complex in Section 3.2.2 was repeated, 
except in this case, HCO3-  is omitted. With the dosing of H2O2 to the reactor containing 
Mn2+(aq) in DMF, no characteristic complex peaks appear in the raw spectra. After 
application of BTEM, the pure spectra obtainable belong to DMF and H2O2 as shown in 
Figure 3-17. The sole interaction of H2O2 with Mn2+(aq) does not form complex in the 














 From experiments 2 and 3, it can be deduced that the formation of Mn-complex 
requires both Mn2+(aq) and HCO3-. It is only with the presence of Mn2+(aq) and HCO3-, 
together with H2O2 oxidant, then the formation of complex proceeds accordingly. 
 






























3.2.5.4 Experiment 4 - Interactions between DMF and Water 
 
 The interactions between DMF and aqueous Mn2+(aq) was investigated using 
Raman spectroscopy. As MnSO4.H2O monohydrate salt is dissolved in water, therefore, 
the study on the interaction between DMF and H2O has to be carried out first before 
studying DMF and Mn2+(aq) to eliminate the DMF-H2O influence. 
DMF 318 355 405 659 1010 1092 1407 1508 1661 2806 2931 3001 
DMF+ H2O 326 368 408 663 1014 1105 1415 1498 1654 2816 2940 3012 
∆ 8 13 3 4 4 13 8 10 7 10 9 11 
Table 3-6.  Shifts in Raman bands due to H-Bonding between DMF and water. 
 
Several shifts in DMF peaks were observed as summarized in Table 3-6. These 
interactions are likely to be associated with H-bonding between water and DMF 
molecules. Besides shifting, interestingly, enhancement of peaks at 1392, 1498 cm-1 and 
disappearance of 2860 cm-1 peak are evident in Figure 3-18. From these results, there 
seems to be some fundamental solvent changes involving loss of intermolecular bonding 





































Figure 3-18.  Hydrogen bonding as a result of mixing DMF and water. 
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3.2.5.5 Experiment 5 - Interactions between DMF and Mn2+(aq) 
 
The sole interaction of Mn2+(aq) with DMF is represented by the appearance of 733 
cm-1 peak when Mn2+(aq) was added to DMF but this is not conclusive. As comparison, 
spectra of Mn2+(aq) is compared against Mn2+(aq) in DMF. There is no 733 cm-1 peak in 
Mn2+(aq) and the only peak at 980 cm-1 is indicative of the symmetric stretching 
vibration127-136 in νs(SO42-) counter anion present in MnSO4.H2O monohydrate. 
Remarkably, upon addition of Mn2+(aq) to DMF, this 980 cm-1 peak disappears and the 



































Figure 3-20.  (a) Hexahydrated Mn2+(aq) ions versus (b) Mn2+(aq)  in DMF medium. 
Figure 3-19. Interactions of Mn2+(aq) with DMF medium. 
a. b. 
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 Hence, some interactions between DMF and sulfate ions is occurring with the 
disappearance of 980 cm-1 peak whereas 733 cm-1 peak could represent some 
coordination or dative bonds between DMF and Mn2+(aq) although the exact replacement 
of H2O molecules in the manganese octahedral configuration137-139 in Figure 3-20 is 
unknown. Confirmation regarding the interaction of Mn2+(aq) and DMF solvent needs to 
be further investigated in Section 3.3 using UV-Vis spectroscopy technique. 
 
3.2.5.6 Experiment 6 - Interaction of HCO3- with H2O2   
                
The interaction of HCO3-(aq) with H2O2 (aq) has been reported to form the 
peroxocarbonates, HCO4-(aq)  based on NMR5,122 and 13C NMR results in Section 3.1. The 
HCO4-(aq) solution was prepared just before being dosed into the reactor containing 
Mn2+(aq) in DMF to form the Mn-complex. Gas generation can be observed in this buffer, 
suggesting the reaction between HCO3-(aq) and H2O2  should be investigated. An 
interesting direct spectroscopic observation was made upon the addition of H2O2 to 
















































HCO3- + H2O2 
a. 
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 These two steady peaks at 1556 and 2329 cm-1 match with the visual observation 
of gas generation within the reaction mixture. These peaks are absent in aqueous 
bicarbonate solution but upon addition of H2O2 to bicarbonate, they are both immediately 
discernable accompanied by some gas generation.  
 
 It was reported by T.Oyama et al.140 [JACS 1998] who identified this 1556 cm-1 
peak as assignable to the gas phase diatomic oxygen 16O2, which is isotopically shifted141 
to 1468 cm-1 upon the use of 18O2. Further to this, P.C.Stair et al.142 [J.Phys Chem B 2004] 
has also attributed 1558 cm-1 peak to O-O stretching vibration of the neutral O2 gases143 
present in the ambient condition using the UV Raman spectroscopy. This Q-branch 
transition for O2 (g) is much stronger in Raman effect than positive (Stokes, S-branch) 
and negative branches (Anti-Stokes, O-branch). Q-branch is practically always the only 
one observed, while in infrared absorption spectra, it is absent. Berger et al.144 also 
reported the difference between gaseous O2  (1556 cm-1) and dissolved O2 (1546 cm-1). 
This further supports 1556cm-1 as Raman Q-branch transition , assignable to gaseous O2. 
 
 The observation of 2329 cm-1 peak is likely to be indicative of symmetric 
stretching of the CO2 gas. A simple lime test was carried out on off-gas evolving from the 
ongoing reaction by bubbling through a Ca(OH)2 solution trap. A resultant faint white 
color was observed, indicating the presence of CO2 , which reacts with Ca(OH)2 solution 
to form insoluble white CaCO3 precipitate in Equation 3-1. 
 
                                       Ca(OH)2 + CO2 Æ CaCO3 (s)  + H2O                                  ----(3-1) 
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 Besides the supporting literature, these 2 gases are confirmed due to the following 
reasons -(A) Every spectrum contains 1556 and 2329 cm-1 steady peaks once HCO4- is 
being dosed into reactor and (B) Both 1556 and 2329 cm-1 peaks do not appear in any of 
the BTEM reconstructed pure component spectra, indicative they are steadily given off.               
                  
                                                 H2O2 Æ O2 + H2O                                                     ----(3-2) 
 
                                   HCO3-+ H2O2 Æ HCO4-  +  H2O                                             ----(3-3) 
 
                                                HCO4-Æ O2 + CO2 + H+ + 2 e                                   ----(3-4) 
                                               
 In summary, it can be deduced that the side reaction of H2O2 [ i.e. decomposition 
of H2O2] in Equation 3-2 does not constitute a major contribution to the overall volume 
of gas generation because H2O2 alone did not have the 1556 cm-1 peak at room 
temperature although at higher reaction temperatures, it may be considerable. At this 
point in time, it could be deduced that prior to dosing of HCO4- buffer to Mn2+, HCO4- 
itself could be continuously decomposing to O2 and CO2 according to Equations 3-3 and 
3-4.  
                                                  
 
3.2.5.7 Experiment 7 - Artifact Peak belonging to Water 
 
 
 During all experiments with Raman, one important observation was made. The 
minute peak at 420 cm-1 seems to be a characteristic feature of all reaction mixtures. As a 
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confirmation, Raman spectra were taken for standard aqueous MnSO4 and NaHCO3 
solutions respectively as shown in Figure 3-22 without DMF solvent due to its associated 
dominant bands which will suppress this minute 420 cm-1 peak. It was reported elsewhere 
that intensity of the laser power does in fact causes some artifact peaks at around 420 cm-
1. The 420 cm-1 peak exists for every solution, even for pure water as shown in Figure 3-
22. This 420 cm-1 peak was concluded to be a characteristic peak of water because both 
NaHCO3 (aq) and MnSO4 (aq) do not have a common vibration mode except that both are 
dissolved in water. 
 
 On the other hand, if water should be strictly considered to be Raman inactive, 
then the conclusion is that the 420 cm-1 peak could be assignable to be a specific artifact 
feature145 belonging to this particular Raman spectrometer which will be excluded in the 














Figure 3-22. Observed artifact peak of Raman spectrometer. 
420 cm-1 
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3.2.6 Assignment of Vibration Modes in Mn-Complex 
 
3.2.6.1 Metallic-Oxygen (Mn-O) Vibration Mode 
 
 Most metal-oxygen vibration falls below 1000 cm-1 region. Notably, the 643 cm-1 
peak probably represents the ν(Mn-O) vibrational mode. Several papers and reports have 
shown that most Mn-O bond vibration lies in the Raman region of 620-660 cm-1 as 
tabulated in Table 3-7. The Raman shifts of Al2O3 or SiO2-supported manganese oxides 
species are representative of ν(Mn-O) vibrations as SiO2 has very weak spectral features 
whereas Al2O3 has none.152 Besides Raman, split IR peaks are also reported for the 
similar adsorbed Mn(O2) species at ca. 688,686 and 684 cm-1.153 
                                  
S/N Raman Shift [cm-1] Compound Assignment References
1 620 (w) MnO2 νs (Mn-O) 141 
2 664 (w) SiO2-MnOx νs( Mn-O) 146 
3 661 (w) Al2O3-MnOx νs( Mn-O) 146,147 
4 654 (m) Al2O3-Mn3O4 νs( Mn-O) 140 
5 615(s) [MnO6] Octahedron νas (Mn-O) 148 
6 625 (s) [MnO6] Octahedron  νs (Mn-O) 148,149 
7 650(m), 665 (s),    666 (s), 664 (s) 
MnO, Mn2O3, 
Mn3O4, MnO  
νs (Mn-O) 150 
8 653 (m),654 (s),   648 (s),643 (w) 
Mn2O3 , Mn3O4, 
MnO, Al2O3-MnO 
νs (Mn-O) 151 
  Table 3-7.  Reported peak assignments for ν(Mn-O) mode. Note:w = weak, m= medium,  




 Based on these reported values, the presence of 643 cm-1 peak in the spectra of 
Mn-complex is highly likely to represent the vibration of the Mn-O bond. 
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As a confirmation, several spectrums are also taken for standard MnxOy oxides 
using the Raman spectrometer and the results are compared against the BTEM 
reconstructed spectra of the Mn-complex as shown in Figure 3-23. Before Raman 
analysis, we should expect a vibration mode belonging to Mn-O bond for these MnO, 














 From Figure 3-23, there seems to be a common vibration mode among all MnO 
species in the region of 600-670 cm-1. The 643 cm-1 peak of the Mn-complex lies within 
this region and thus, highly indicative of the Mn-O bond stretching vibration. Inevitably, 
these standard peaks did not provide exact match with the Mn-complex due to their 








Figure 3-23. Comparing ν(Mn-O) in Mn-complex  with standard MnxOy species. 
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 Nonetheless, this comparison further supports the assignment of 643 cm-1 peak as 
belonging to the ν(Mn-O) vibration mode of the Mn-complex. The 404 cm-1 peak can 
also be assignable to another Mn-O vibration mode as reported in the literature in the 
range of 380 – 430 cm-1.154-156 Further confirmation can be made by comparison with 
similar MnxOy species in the 300~ 500 cm-1 region shown in Figure 3-24. It is evident 
that standard MnO oxide has two peaks in the 380-420 cm-1 region. Thus, it is likely that 


























 Hence, these encouraging results provide supporting evidence that both 404 and 
643 cm-1 peaks of the Mn-complex are related to the ν(Mn-O) vibration mode. 
 
Figure 3-24.   Comparing ν(Mn-O) of Mn-complex  at 404 cm-1 with standard MnxOy species. 
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3.2.6.2 Peroxo (O-O) Vibration Mode 
 
 Most peroxy or peroxo species, especially transition metal peroxo compounds 
have ν(O-O) vibration mode in the 720~ 900 cm-1 region. As a comparison, various 
standard FT-Raman spectra of organic peroxides [Aldrich-Sigma]  with the O-O group 
were shown in Figure 3-25. The common characteristic peak representing ν(O-O) lies at 
ca. 800~ 850 cm-1 region. Suzuki et al.157 (Angew 2002) also reported the ν(O-O) 
stretching frequency in iron-peroxocarbonate complexes  as 884 cm-1 which was shifted 
to 842 cm-1 upon 18O-18O substitution.158 (JACS 2005). In addition, other reports cited 
ν(O-O) stretching as 880, 842 and 892 cm-1 peaks,147,159,160 all well within 800-900 region. 
 
In addition, the BTEM spectrum of the complex was compared with Raman 
spectra of standard 30% H2O2 in Figure 3-26. The Mn-complex does indeed contain the 
O-O bond and in particular, two different vibration modes- Mode A at 850 cm-1 ν(O-O)A 
and Mode B at 873 cm-1 ν(O-O)B as compared to 876 cm-1 ν(O-O) of standard 30% 







Figure 3-26.  Comparison ν(O-O) in Mn-complex with ν(O-O) in H2O2. 
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 It is likely that both vibration modes A and B represent the peroxo bond in the 
Mn-complex. Due to the rigid bidentate structure of the side-on peroxocarbonate moiety, 
the O-O vibration differs from that of the O-O vibration of “free” H2O2 molecules. Only 
with the use of BTEM, then this difference from H2O2 can be deconvoluted - remarkably 
untangled the 874 cm-1 from the dominant 876 cm-1 peak of H2O2, which would 
otherwise not be discernable by visual inspection of the raw spectra. These two modes 
probably represent the symmetric and asymmetric stretching vibration of the peroxo side-







































































Figure 3-25.  Standard Raman spectra* showing ν(O-O) in various peroxides. 
                       * http://www.sigmaaldrich.com 
ν (O-O), 800~900 cm-1 
 











































































Figure 3-27. Characteristic peaks of Mn-complex representing (a) Mn-O-C vibration, (b) 
ν( C=O) vibration, (c) Mixed vibration δ(O2CO) and (d) Deformation δ(MnO2CO) modes. 
 
3.2.6.4        Carbon-oxygen ν(C-O) and Carbonyl Carbon ν(C=O) modes 
 
 Besides the Mn-O and O-O vibrational modes, there are also some other peaks 
bounded within the same Mn-complex which includes the ν(C-O) at ca. 1008 cm-1 and 
the ν(C=O) at ca 1781 cm-1 respectively. This is supported by the fact that most carbonyl 
ν(C=O) lies at ca. 1750~1860 cm-1 region161-164 reported for cyclic carbonates while that 






















(a)  ν(C-O) 
(b)  ν (C=O) 
(c)  δ(O2CO) 



















 In addition, the spectrum of Mn-complex is compared in Figure 3-27. From the 
Figure 3-27 (a), the 1017cm-1 peak was confirmed by M.H.Brooker et al.167 using 
isotopic labeling168and others169-171 to represent the symmetric stretching of ν(C-O-H) in 
HCO3-(aq) and after reaction, the Mn-complex shows ν(C-OMn) peak shifted to ca. 1008 
cm-1. In contrast, the symmetric stretching of carbonyl ν(C=O) and δ(O2CO) remains 
relatively unaffected in the complex and its bond assignment can be deduced by 
comparison to HCO3- in the absence of Mn2+ in Figures 3-27 (b) and (c). However, the 
2389 cm-1 in the Mn-complex of Figure 3-27 (d) only appears upon reaction of Mn2+ with 
the δ(O2CO) in Figure 3-27 (c), triggering a downfield shift towards lower wavenumbers 
due to mixed vibration mode δ(MnO2CO). Both 1008 and 2389 cm-1 peaks are clearly 
associated with Mn2+ reacting to form active complex in Figures 3-27 (a) and (d). 
 
3.2.7 Postulated Structure for Mn-complex Solvated in DMF  
 
From the previous results, it seems that the active epoxidizing complex could be a 
manganese center coordinated with a peroxocarbonate bidentate side-on group as shown 
in Figure 3-28. Various vibration modes in the BTEM spectra summarized in Table 3-8 





Mn Complex Assignable Peaks
1 404 νas(Mn-O) 
2 643 νs(Mn-O) 
3 850 νas(O-O)A 
4 873 νs(O-O)B 
5 1008 ν(MnC-O) 
6 1781 ν(C=O) 
7 2389 δ(MnO2CO) 
8 2881 δ(O2CO) Figure 3-28 . Postulated Mn-peroxocarbonate  
complex solvated in DMF (D) medium. 
 
Table 3-8. Assigned complex  peaks.  
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In addition, the control experiments show that the 3 reagents used in the 
preparation of complex Æ Mn2+, HCO3- and H2O2 all play an indispensable role, which 
indicates that the formation probably entails the participation of individual components in 

















 This Mn-peroxocarbonate complex as elucidated by BTEM (Figure 3-7d) is likely 
to be responsible for the active oxygen transfer. It is formed in-situ and exists in the same 
reaction mixture with C=C when epoxidation is ongoing.  
Figure 3-29. Assignment of possible vibration modes in Mn-complex.  
 
Chapter 3 – Experimental and Theory  
 
 86
Figure 3-30. Existence of similar d-block transitional metal complexes       
                      containing peroxocarbonate bidentate group. 
T= Toluene 






































Ph3P = Triphenylphosphine 
 During oxygen transfer, the peroxo (O-O) bond in the complex could be 
lengthened and weakened by the metal-oxygen interaction and easily undergo cleavage to 
deliver [O] to the electron rich C=C of styrene.  
 
3.2.8 Existence of [MLn(CO4)] species  (M= Fe, Rh, Pt, Pd, Ni ) 
 
 As reported in the literature, evidence have been provided for the existence of 
several similar [MLn(CO4)] species157,158,172-181 involving different d-block transitional 
metal centers such as Fe, Rh , Ni, Pt , Pd etc , where L denotes ligands. Some of these 
complexes are shown in Figure 3-30. A common trait among such metal complexes is 
that they exist in a complex state stabilized by coordinated ligands and they contain a 
peroxo O-O bond in the peroxocarbonate side-on moiety coordinated to a metal center 
which is reported to exhibit oxidative activity. Thus, it is strongly believed that a Mn-
complex with a peroxocarbonate bidentate side-on moiety is capable of being formed and 
present in our current catalytic epoxidation based on these supporting literature and the 
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3.2.9  Evidence for Existence of Manganese-Peroxocarbonate Complex 
 
 From the results presented in this chapter, an important point can be made, that is, 
all the Raman characteristic peaks belonging to the Mn-complex identified by the BTEM 
reconstructed spectra, appear in a simultaneous fashion in the original spectroscopic data. 
Some of these can also be observed visually from the spectra while others are not easily 
seen. This compound should be catalytic, simply because, it is the only species that exists 
within the same reaction mixture other than the reactant itself and it drives the 
epoxidation reaction forward with the gradual depletion of styrene and formation of 
styrene epoxide.  
 
 In summary, the various vibration modes in the BTEM-reconstructed Mn-complex 
spectra coupled with control experiments provide conclusive evidence to support the 
postulated structure of a manganese-peroxocarbonate complex. All three species (Mn2+, 
HCO3- and H2O2) are required for the in-situ formation of this Mn-complex which serves 
as an active catalytic phase responsible for the continuous oxygen transfer to the C=C, 
possibly through its weakened peroxo O-O bond. The proposed manganese-
peroxocarbonate complex is also consistent with other similar reported complexes. DMF 
might play a role in stabilizing the metallic centre of this complex due to the striking 
similarity with other reported d-block transitional metal-peroxocarbonate complexes 
which has coordinated ligands surrounding the metal centers. Direct observation of a 
faint yellow complex solution in DMF compared to a black color suspension in a 
completely aqueous medium prompts further analysis using UV-Vis spectroscopy. 
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Ultraviolet-Visible (UV-Vis) Spectroscopy 
 
3.3 Introduction to UV-Vis Spectroscopy 
 
 UV-Vis spectroscopy is an electronic spectroscopic technique, traditionally used 
for studies in coordination chemistry due to ligand field splitting (the difference in energy 
between the metal's eg and t2g orbitals in a coordination complex)  and analysis as a result 
of characteristic color changes due to related d-d transitions of d-block transition metal 
complexes in solution.182,183 Most UV-Vis spectrometry occurs between 190-800 nm. 
Below 190 nm is referred to as the vacuum ultraviolet (vuv) region. Atmospheric gases 
and most glasses and quartz absorb below 180 nm and hence incompatible for analysis 
with quartz cells. In particular, for organic compounds with chromophores - chemical 
functionalities that absorb such as unsaturated carbon-carbon centers, peaks associated 
with  πÆ π* electronic transitions are evident in the UV-Vis spectrum. However, the UV-
Vis analytical technique depends very much on the delicate environment make-up of the 
medium and hence, relatively more sensitive than other techniques to solvent changes.  
 
3.3.1 Investigations using UV-Vis Spectroscopy 
 
 For the case of Mn-complex solution, the reaction is quite vigorous and the 
solvent is in a disturbed state with gases bubbling within it, rendering online UV-Vis 
analysis difficult. Hence, the use of batch analysis was employed for studying the Mn-
complex.  
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3.3.2 Preparation of Standard Reagents  
 
 A standard aqueous solution of Mn2+(aq) was prepared by dissolving 0.0017g 
MnSO4.H2O salt in 0.6 g of water and then mixed well with 0.9g N,N-
dimethylformamide (DMF). Similarly, 0.196 g of NaHCO3 was also dissolved in 0.6 g of 
water and mixed well with 0.9 g DMF. A drop of 30% H2O2 was co-added to 1.5 ml of 
DMF. A small amount of H2O2 was used simply due to experience that it gives saturated 
signal easily.  
 
 In particular, as DMF plays a critical role as solvent for the Mn-based epoxidation, 
it should be noted that there is a certain estimated UV-cutoff value184 in the literature for 
UV-Vis spectroscopic measurements of reaction mixtures in DMF solvent, below which 
the spectra region is normally not analyzed. (See Table 3-9). However in our studies, 
with the use of spectroscopic grade DMF ≥ 99.8%, lower UV-cutoff down to 254 nm can 
be observed. 
 













Table 3-9. UV cut-offs of solvents taken for absorbance of 1.00   
                  in a 10.0 mm cell versus distilled water. 
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3.3.3 UV-Vis Analysis of Pure Reagents  
 
 UV-Vis spectroscopy was performed with Shimadzu UV-2550 spectrometer in a 
5-mm Spectrosil™ quartz cell with 2 cm slit width , 1 nm data acquisition interval and 
medium scanning speed spanning over the 200-800 nm region. The UV-Vis spectra of all 
pure components were taken with autozero and baseline correction done using equal  1:1 
DMF:H2O ratio in both the reference and sample cell. Subsequently, the sample cell was 
replaced with the analyte solution to be tested while keeping the reference cell with the 
equal 1:1 DMF:H2O mixture. 
 
 As shown in Figure 3-31, with both 1:1 DMF-H2O in the reference and sample 
cell, a horizontal line with zero absorbance was observed. However when Mn2+(aq) was 
dissolved in DMF, a peak at ca. 264 nm appears, indicating some interaction between Mn 
and DMF solvent, possibly indicative of coordination bonds between the metal center and 
the electron rich oxygen of DMF. However, for other individual reagents, there is no 
substantial absorbance in either the ultraviolet (200-400) or visible region. (400-800 nm).  
 
3.3.4          UV-Vis Analysis of Mn-Complex (LMCT) 
 
 The coordination chemistry of manganese is of interest to many researchers. 
Manganese is known to form an octahedral complex with suitable coordinating ligands. 
However, little is known about the interaction of Mn2+(aq) with N,N-dimethylformamide 
(DMF) solvent.  
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DMF 

























 Mn2+(aq) in DMF
 HCO3
-(aq) in DMF




 DMF possesses an unique (-NHC=O-) functionality which can act or coordinate 
with Mn2+ center (See Figure 3-32) forming a stable catalytic complex. This initial 
stabilizing effect of DMF on Mn2+ in the premixed solution is critical in the formation of 
the intented catalytic complex. This is evident from the black color solution formed if 
Mn-complex was synthesized in a completely aqueous medium without DMF and 






The preparation of the Mn-complex in solution was then investigated with UV-Vis 
spectroscopy. Interestingly, upon addition of H2O2-bicarbonate buffer to Mn2+(aq) in DMF 
solvent, a prominent spectral change was observed in Figure 3-31. Besides the original 
characteristic peak at ca λmax = 264 nm, another peak at ca. 354 nm appears at the end of 
























Figure 3-32.  (a) Hexahydrated Mn2+(aq) ions versus (b) Mn2+(aq)  in DMF medium. 
a. b. 
Figure 3-33. Resultant spectra of  
Mn-complex solution. 
λmax = 264 nm 
354 nm (LMCT) 
Figure 3-31. Individual component 
spectra and  Mn-complex spectra. 
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 This 354 nm peak could be due to the LMCT 185,186 (ligand to metal charge 
transfer), an electronic transition in Mn-complex, whereby there is electron transfer from 
the electron-rich bidentate peroxocarbonate moiety (πv*orbital of the peroxo moiety) to 
the electropositive manganese center (dπ orbital), giving a faint characteristic yellow color 
solution. This was confirmed with few spectrums taken for the final resultant complex 
solution as shown in Figure 3-33. 
 
 None of the species in the reaction system has any d-electrons so the charge 
transfer (CT) must be LMCT associated with the manganese center. This is reasonable as 
it matches with physical observation of the yellow color solution. The absorbance seems 
to be substantially blue-shifted compared to those (440-485 nm) reported for other 
manganese complexes.185-187 In the same fashion, complexes of other metals, such as iron 
(III) coupled with similar peroxocarbonate side-on group appears to have a lower LMCT 
band157 compared to other ligands complexes. This indicates the possibility that the 
peroxocarbonate moiety is a much stronger field ligand and hence, a greater field splitting 
effect, causing LMCT bands at lower wavelengths as evident in the UV spectra.     
 





25 DegC, pH 8-9
Mn2+, HCO3-
Reaction Calorimetry Coupled with In-Situ ATR Monitoring 
 
 
3.4 Reaction Calorimetry 
3.4.1         Online Calorimetry for Reaction Studies 
The exothermic catalytic epoxidation of styrene using MnSO4 salt and 30% H2O2 
oxidant-bicarbonate buffer in Scheme 3-2 was studied using a reaction calorimeter (RC1e) 
in Figure 3-34 as a semi-batch reactor with continuous dosing of buffer solution. RC1e is 
a precise jacketed calorimeter equipped with accurate control of reaction temperature, in-
situ pH measurements and off-gas generation using a digital flow meter. Bicarbonate-
H2O2 buffer feeding to the reactor can be carefully controlled due to the reaction’s 
exothermic release of heat and in-situ Attenuated Total Reflection (ATR) spectroscopy in 
the mid-infrared (MIR) region. Various studies on chemical reactions have been carried 























                       Figure 3-34 Reaction calorimeter (RC1e), Mettler-Toledo. 
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3.4.2 Experimental Design 
 
 RC1e provides some qualitative information on the nature of the Mn-Based 
epoxidation through the heat profile, gas generation, pH and MIR-ATR monitoring. In 
this chapter, the reaction was studied in 2 separate steps , namely 
 
(A)        Two-Step Experiment 
• Formation of Mn-Complex  - Dosing of  H2O2 -bicarbonate buffer solution to 
   Mn2+(aq) dissolved in DMF.  
• Epoxidation Reaction   -Addition of styrene to Mn-complex with dosing. 
 
(B)        One-Step Experiment 
• (3) “1-Pot” Reaction  - Styrene and Mn2+(aq) premixed in DMF and buffer       
  dosing was maintained throughout the  reaction. 
 
3.4.3 Reaction Studies I: Two-Step Epoxidation 
 
3.4.3.1 Step 1 - Preparation of Mn-Complex 
 
 
 The reactions described in section 3.4.2 (A) can be generated from RC1 as shown 
in Figure 3-35. An important observation can be made from the reaction heat profile in 
Figure 3-35 (a), where it is evident that there are 2 reaction temperature (Tr) increases as 
represented by the 2 peaks during the first 30 mins of the  Mn-complex preparation step. 
 
 
A Æ BÆ C         ----(3-5) 
 

























































































The heat profile suggests a probable sequential reaction could be occurring in stepwise 



























Figure 3-35. 1st reaction profile during preparation of Mn-complex - (a) Reaction 
temperature, Tr , (b) Temperature difference between reaction mixture, Tr and 
reactor wall temperature, Ta  , (c) Gas generation and (d) pH. 
 
 
 With reference to Figure 3-35 (b), there seems to be a relationship between pH 
and the reaction temperature. The pH increase coincides with the first Tr  peak which 
shows the medium becomes increasing basic during the intermediate preparation step of 
Mn-complex. Similarly, in Figure 3-35 (c), the maximum instantaneous gas generation 
concides with the first Tr peak which shows that the reaction proceeds rigorously with the 




































 Further to this, there seems to be another interesting 2nd smaller Tr peak 
accompanying the diminishing pH, which could be the fast formation of MnCO4 with the 
release of [H+] from peroxocarbonate species after reaction with Mn2+(aq) in DMF. 
 















Scheme 3-3.  Proposed reaction for  (a) HCO3- and H2O2 to form HCO4-, (b) 1st step 
monodentate coordination of HCO4- with  Mn2+(aq) in DMF  and (c) 2nd step bidentate 





















































































 With inference from the temperature profile, it is highly suggestive that Mn reacts 
with HCO4- as shown in Scheme 3-3 (b) in a fashion similar to AÆ BÆ C fast sequential 
step reaction during the formation of the Mn-complex to form a characteristic yellow 
color solution. 
 
3.4.3.2 Step 2 - Epoxidation of Styrene  
 
In the 2nd step, styrene was added to the Mn-complex solution prepared in Section 
3.4.3.1 and buffer dosing was maintained for 30 mins at 25 °C. In this particular 


























Figure 3-36.  2nd reaction profile during epoxidation of styrene - (a) Temperature, 



























































































Figure 3-37. One-pot reaction profile during epoxidation of styrene - (a) Temperature, 
(b) pH, (c) gas generation and (d) Conversion – Selectivity. 
 
 Tr gradually increases from 25.2 to 25.6 °C (∆= 0.4 °C) while the pH dropped 
slightly from 8.0 to 7.6 (∆=0.4). Notably, there is negligible gas generation throughout 
epoxidation with no sudden spike in all reaction parameters compared to the formation of 
the Mn-complex. A 100 % conversion was achieved in about 1hr with ~ 90% yield 
shown in Figure 3-36 (d) obtainable from gas chromatography (GC) results. This 
confirms that the epoxidation reaction is a slow, rate-determining step in the overall 
mechanism. 
 
3.4.4 Reaction Studies II: One-Pot Epoxidation  
 
Epoxidation was also carried out in a 1-pot reaction with styrene added to Mn2+(aq) 
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 In comparison with the 2-step experiment, there is only one obvious Tr peak which 
could be due to the simultaneous formation of catalyst and oxygen transfer to  C=C, as 
evident in the conversion profile traced out using GC. The fastest rate of change of 
conversion coincides with the instant whereby there is a Tr spike and pH was decreasing 
gradually from the start to the end (pH=9 to 7). Similarly, 100% conversion was obtained 
within the 90 min dosing period with considerable gas generation during the initial 30 
min.   
 
3.5         In-situ Mid-Infrared Attenuated Total Reflection  
The epoxidation of styrene was carried out in a 1-pot reaction in reaction 
calorimeter (RC1e) with styrene and Mn2+(aq) premixed in DMF under continuous stirring 
at 500 rpm. A total of 41g bicarbonate-H2O2 solution was dosed into the semi-batch 
reactor by the pump at a constant rate throughout the reaction for 1 hr. The reaction 
temperature was controlled at 25 °C. 
The FT-IR spectrometer from Mettler-Toledo (ReactIR) is equipped with an in-
situ 16 mm optic fibre probe and a 6.3 mm diamond crystal at the probe end, giving 
robust measurements with high S/N ratio. Enhanced resolution is achieved with a 
multiple reflection diamond sensor connected to the mercury cadmium-telluride (MCT) 
detector.   
The respective reactant amounts are tabulated in Table 3-10. An in-situ MIR-ATR 
diamond optic fiber probe (ReactIR™, Mettler-Toledo)197,198 was inserted in the 
calorimeter as shown in Figure 3-38(a). 
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Continuous FT-IR spectrum was taken in the MIR region of 900-4000 cm-1 with 
4cm-1 resolution and 64 co-adds, throughout the epoxidation reaction. The resultant 3D 











Reagents Amount Units Mmol Mol Ratio Action 
MnSO4.H2O 0.03 [g] 0.2 1.0 
H2O [Dissolve MnSO4.H2O] 15.00 [ml]  --  --  
Styrene 1.85 [g] 17.8 94.3 
EtOH 1.00 [g]  --   --  
DMF  35 [ml]  --    -- 
Premixed in 
RC1e 
NaHCO3 0.56 [g] 6.7 35.3 
H2O  [Dissolve NaHCO3] 8.07 [ml]   --   -- 
30% H2O2 33.20 [g]   --   -- 
Pure H2O2 9.96 [g] 293.0 1555.3 
Buffer To Be 
Dosed 
             Figure 3-38.   (a) Experimental set-up and (b) Resultant 3D ATR spectra.  


















Carried out epoxidation in RC1e 
Output from ATR  
 



















3.5.1 Singular Vector Decomposition of ATR Spectra 
  
 The raw ATR spectra were analyzed using the BTEM algorithm and the VT 
vectors shown in Figure 3-39. Subsequently, the singular values associated with all the 
VT vectors were plotted in Figure 3-40. The first 15 VT vectors contained spectral 
information without the onset of noise. Hence, these 15 VT were chosen and 30 bands 








3.5.2 Band Targeting and Corana’s Self-Annealing  
 
 The targeted bands are input to the Corana’s Self-Annealing (SA) step and 
objective function parameters are specified for the iterative global optimization in the 
BTEM algorithm, using the integral area minimization and 1st spectral derivative. 
 












Table 3-11. Targeted bands. 
Figure 3-40. Singular values of VT vectors. 
 





















































































































Figure 3-39. Right singular VT vectors obtained from SVD. 
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3.5.3 Pure Component Spectra Reconstruction  
 
As the iterative BTEM algorithm ended, the pure component spectra of DMF, 



































a. DMF Solvent 
Figure 3-41. BTEM reconstructed spectra of (a) DMF, (b) Styrene and (c) Epoxide. 
b. Styrene (Reactant) 
c. Styrene Oxide (Product) 
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 However, as the Mn-complex exists in the aqueous medium masking the ATR 
spectrum with noise and abundant gas generation and the fact that most of the complex’s 
characteristic vibrational modes lies below the ATR’s 900-4000 cm-1 range of detection, 
the Mn-complex was not evident in the reconstruction results. However, the 
concentration profile for styrene and styrene epoxide can be computed after eliminating 
the dilution effect shown in Figure 3-42. 
 
 




 (A) Instantaneous concentration in a batch reaction system, 
 
 




NC =      ----(3-6) 
 
            where CA = f(t) , Actual concentration of reactant A , mols/ml 
                       NR = f(t) , Moles of reactant A , mols 
                        Vo = Fixed initial volume of reaction mixture , ml 
 
 






DA ν+=      ----(3-7) 
 
              where CAD = f(t) , actual concentration of reactant A + dilution effect, mols/ml 
                            ν = dosing rate, ml/min              
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tCC ν+=     ----(3-8) 
 
 Hence, the effect of dilution depends on the (νt/Vo) as a function of time. In 
particular, the effect of dilution depends on  
 
1) Instantaneous value of CAD, such that if CAD Æ 0, effect of (νt/Vo) is negligible. 
2) Dosing Rate, ν such that if the rate of dosing is fast, magnitude of (νt/Vo) 
becomes increasingly substantial. 
3) Initial reaction volume, Vo, such that if Vo >> νt throughout the reaction, then the 
effect of dilution (νt/Vo) is minimal. 
 
To obtain the actual concentration, CA solely due to reaction only (without dilution 
effect), the factor (νt/Vo) should be incorporated into CAD (i.e. experimental 






Figure 3-42 . Relative concentration profile during reaction.  
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Mechanism and Kinetic Studies on Mn-Catalyzed Epoxidation  
 
4.1 Interpretations of Experimental Results 
 
 As explained in Section 3.1 , the 13C NMR results confirms that a new compound 
is formed through the interaction of peroxocarbonate species with Mn2+ stabilized in 
DMF medium, which could be a possible Mn-complex with a single carbon moiety. This 
Mn-complex is likely to be an epoxidizing agent acting as a vehicle for active oxygen 
transfer by accepting an oxygen from H2O2 and subsequently oxidizes the C=C bond of 
alkenes.  
 
 Major revelations and insights are gained from the results in Section 3.2 using 
online Raman spectroscopy and BTEM chemometric method. Styrene was completely 
epoxidized to styrene oxide. With the application of BTEM algorithm, pure component 
spectra of species present within the reaction mixture are elucidated. The output shows 
that besides the matching spectra of DMF solvent, styrene reactant and styrene oxide 
product with the standard pure samples, there seems to be a peculiar spectra belonging to 
the Mn-complex. Its role as an active catalytic phase is confirmed as it co-exists within 
the same mixture as the reactant and the epoxidation reaction was effectively driven 
forward with the depletion of styrene and production of oxide. Characteristic Raman 
peaks of this Mn-complex point to a postulated structure likely to be in the form of a 
manganese-peroxocarbonate bidentate complex. Based on the formation of this complex, 
a plausible reaction mechanism was proposed. 
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 Furthermore, in Section 3.3, the UV-VIS studies on the interaction of Mn2+ and 
peroxocarbonate species indeed shows coordination between Mn2+ and DMF to form a 
complex with a stabilized octahedral architecture. Upon addition of peroxocarbonate, the 
UV spectra reveals another new peak which signifies the ligand to metal charge transfer 
(LMCT) and accounts for the observed characteristics of a yellow color complex solution. 
 
 The use of RC1e in Section 3.4 provides the temperature profile during formation 
of the Mn-complex. The fast exothermic formation of this complex could proceed via 
sequential steps with partial monodentate coordination between the manganese center 
with the more electronegative peroxy oxygen in the peroxocarbonate followed by a full 
bidentate coordination with the Mn2+ accompanied by the expulsion of H+ ions to form a 
cyclic manganese-peoxocarbonate complex. In Section 3.5, ATR spectroscopy data was 
also used to obtain the concentration profile of reactant and product during reaction. 
 
4.2 Investigation on Role of Reagents 
 
 Simple experiments were carried out to determine the role of reagents in Table 4-1. 
With all required reagents in Run 1, a high yield up to 90 % and TON=200 h-1 were 
achieved. However, in Run 2 and 3, there are no reactions if H2O2 and HCO3- are omitted. 
Expt Mn2+ HCO3- H2O2 Yield % (TOF, h-1) 
1 √ √ √ 90 (200) 
2 √ √  X No reaction 
3 √ X √ No reaction 
4  √ √ 30 (50) 
Table 4-1. Role of reagents. 
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 Lastly in Run 4, the omission of Mn2+ gives only 30% yield and TON=50. 
Richardson et al.122 also reported that HCO4- without metal was found to be only a 
moderately active epoxidizing agent in aqueous acetonitrile. Uncatalyzed epoxidation by 
bicarbonate/H2O2 mixtures is slow in solvents used in Mn-catalyzed processes, ie. DMF 
and tBuOH.  
 The interference from these results and observations is that HCO4- reacts with 
Mn2+ to produce the active epoxidation agent. Based on EPR studies, Burgess et al.5,121 
also showed that Mn2+ is initially consumed in the catalytic reaction but regenerated 
towards the end of the process when H2O2 is spent. The results from these experiments 
strongly suggest the role of H2O2 as the oxidant, acting as the oxygen donor species. In 
addition, it also provides evidence regarding the role of HCO3- as the co-catalyst which 
reacts with manganese to produce a manganese complex with a bidentate 
peroxocarbonate group formed from acceptance an O-atom from the oxidant by 
bicarbonate ions. Hence, H2O2, HCO3-, Mn2+ all play critical, indispensable roles and 
they exist within the catalytic cycle. 
 
In addition to the findings from the experimental data in this study, some other 
characteristic of Mn-bicarbonate-H2O2 system has been reported as follows : - 
 
(i) Absence of Radicals - Burgess reported that bicarbonate reacts with 30% H2O2 to 
form peroxymonocarbonate which in turn reacts with MnSO4(aq) to epoxidize alkenes. 
Existence of peroxymonocarbonate in tBuOH112and EtOH:H2O113 and its oxidative 
properties are also reported elsewhere.109,112-115 His reactions were carried out in the open 
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and also under inert atmosphere, both of which gives almost identical product profiles. 
This indicates that the reaction does not involve a high concentration of free radicals, 
particularly HO• or HOO•  or that these radicals are probably not prevalent in the 
reaction. 
 
(ii) Inactivity of Organic Peroxides -  If organic peroxides such as tert-butyl peroxide are 
used in place of 30% H2O2, tert-butyl peroxymonocarbonate is formed which is inactive 
towards epoxidation with Mn2+. This implies that the alkyl substituent somehow blocks 
the reaction pathway. 
 
(iii) Absence of Dinuclear / Oligonuclear Complexes -Burgess attempted to confirm if 
the active catalyst is di-nuclear or oligo-nuclear by using ESI-MS to detect any higher 
molecular mass species but results thus far were negative. Hence, the catalytic phase 




4.3 Proposed Reaction Mechanism 
 
 Based on all evidence, a possible reaction mechanism is proposed for the catalytic 
epoxidation as illustrated in Scheme 4-1. Based on 13C NMR results, it is evident that 
30% H2O2 reacts with the aqueous sodium bicarbonate to form the singular carbon-
containing permonoxycarbonate species HCO4-, which in turn reacts with Mn2+ in DMF-
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rich medium to form a yellow solution, which is likely to be a manganese complex with 
bidentate peroxocarbonate group.  
 The observed yellow solution is reinforced by the UV-Vis results which shows a 
LMCT absorbance peak for the coordination of peroxocarbonate group with Mn2+ in 
DMF. Application of BTEM on online Raman data further reveals the various vibration 
modes, likely fitting the postulated complex structure. Interestingly, Raman monitoring 
also shows that peroxocarbonate is mainly responsible for the gas generation within the 
reaction system because HCO4- inevitably decomposes via the release of O2 and CO2 
gases during the reaction. 
 
DMF is essential because experimental observation shows that without DMF, in a 
completely aqueous medium, the resultant complex solution takes the form of a clear 
solution with black precipitate formed at the bottom of the reactor instead of a yellow 
color solution.Hence, DMF might be indispensable both as a solvent for homogenizing 
the inorganic complex with the organic substrate (styrene) and as a stabilizer for the Mn-
complex. On the other hand, the 30% H2O2-buffer solution provides a strong driving 
force towards the formation of such a complex which is responsible for the oxygen 
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4.4 Purpose of Kinetics Studies 
 
 In general, it is desirable to study certain reactions and determine their mechanism. 
and possible reaction pathways. Based on this mechanism, all rate expressions can be 
formulated using the rate law to compute the rate constant, k using the experimental data. 
Subsequently, k is used for the preliminary reactor design199-201and sizing according to 
Equations 4.1 to 4.3 depending on the process chemistry and type of operation.(Batch, 
Plug Flow or CSTR types etc). Rate constant, k is useful for scale-ups of potentially 
feasible reactions in terms of cost and other factors. 
 







1   ----(4.1) 





V −=              ---- (4.2) 







            ---- (4.3) 
 
where Vr    = Volume of reactor (m3) 
           NA  = Number of moles of reactant A (mols) 
FAO  = Inlet molar flow rate of reactant A (mol/h) 
xA  = Conversion of reactant A  
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4.5  Order and Molecularity in the Rate Law 
 
 In general, it is not possible to predict the mechanism from the knowledge of the 
stoichiometry in a chemical reaction. The mechanism and functional form of the rate 
expression must be determined experimentally. In general, it can be shown in Equation 4.4 
 
-rA = k CAn1 CBn2 CCn3              ---- (4.4) 
 
where order N of the reaction is given by  N = n1+ n2 + n3.  
 
 The rate constant k is a function of temperature and the order of a reaction is 
expressed relative to a component.199 On the other hand, the molecularity of a single 
chemical reaction is defined as the minimum number of molecules which must combine or 
interact when the reaction goes one time in a given direction.201 In 1867, Guldberg and 
Waage gave the first general statement of this law. The present accepted statement of this 
law is that the rate of a molecular reaction is proportional to the product of the 
concentrations of the reactants, where the concentration of each reactant is raised to the 
power given by the stoichiometric coefficient of that component.  
 
Bimolecular  : A + B  Æ Products 
rA= k.CA CB 
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4.6 Kinetic Studies  
4.6.1 Rate Expressions and Rate Equation 
 
 In the current Mn-based epoxidation, kinetic studies can be carried out based on the 
proposed reaction mechanism obtained. The first reversible reaction is between 
bicarbonate and 30% hydrogen peroxide to generate the peroxocarbonate HCO4- species 
with rate constants k and k-1 for the forward and backward reaction respectively. 
Subsequently, the HCO4- reacts with Mn2+ to form a mononuclear manganese complex 
with a peroxocarbonate side group, which is capable of oxygen transfer to electron-rich 
C=C bond of alkenes to produce epoxides. The rate expressions for the Mn-based 
epoxidation can be described in Equations 4.5 to 4.7. The overall rate expression is found 
to be bimolecular with respect to styrene and H2O2 reactants in Equation 4.8. Hence, an 
overall rate law for epoxidation of styrene can be formulated as shown in Equation 4.9.  
 











-r = k’. [C=C] [H2O2]      ----(4.9) 
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4.6.2 Determination of Overall Rate Constant 
 The respective concentration profile of styrene reactant and epoxide product can be 
generated from the ReactIR™ ATR spectroscopy data in Figure 3-42. The corresponding 
concentration values of styrene in Figure 4-1 were calculated using known initial 
concentration CAO = 0.356 mol/L at t = 0 h. The rate expression formulated as shown 
previously in Equation 4.9 can be used for simulation :- 
 
-r = k’. [C=C] [H2O2]       
But if [H2O2] >> 0,   -r = k. [C=C]               ----(4.10) 
where k = k’.[H2O2] becomes a pseudo overall rate constant 
The overall reaction rate can then be shown to be dependent on the rate constant 
and the concentration of hydrogen peroxide and styrene respectively. However, in the 
reaction, the amount of H2O2 was in large excess so that the rate law can be simplified to a 
pseudo-first order with respect to styrene reactant multiplied by the overall rate constant.  
 
-r = k. [C=C]   
-r =2.1 mol/ L.hr [C=C]   
 
 
Figure 4-1. Experimental versus simulated concentration profiles. 
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 The concentration profile of styrene reactant obtained in Figure 4-1 was used for 
simulation to elucidate the overall rate constant formulated based on pseudo-first order 
rate equation assumptions in Equation 4-10. As shown in Figure 4-1, the simulated curve 
matches well with the experimental data and the overall rate constant for the reaction was 
computed to be 2.1 mol/L.hr, which could be used as preliminary parameter for reactor 
design and potential scale-ups 
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Conclusions and Future Work 
 
5.1 Review of Manganese Catalyzed Epoxidation 
 Manganese catalyzed epoxidation of alkenes is a difficult reaction to study as 
reported by Burgess et.al  [J. Am Chem. Soc 2002] due to the decomposition of hydrogen 
peroxide oxidant during the reaction, causing gas generation and hence, resulting in a 
biphasic system. In addition, choice of green oxidants like H2O2 contains water content 
which precludes the use of moist-sensitive spectroscopic techniques such as FT-IR to 
study the manganese complex formation. This is especially true as most characteristic 
vibration modes of inorganic metal complexes appear in the low region of mid-infrared 
(MIR) extending even to the far-infrared (FIR). Hence, other analytical technique 
complementary to FT-IR such as Raman spectroscopy is deemed as the next effective 
robust tool for online monitoring of this particular problematic biphasic reaction.  
 
5.2 Major Significant Findings 
 With the application of advanced BTEM chemometric algorithm on both online 
Raman and in-situ ATR spectroscopic data, this study has affirmed the presence and 
structure of an active in-situ manganese complex which co-exists within the same 
mixture as the styrene substrate and effectively drives the epoxidation reaction forward, 
giving complete 100% conversion in 1h and up to 90% yields. This oxygen-carrier 
manganese complex containing a peroxocarbonate bidentate side group is formed only in 
the presence of DMF solvent, indicating that DMF might play an important role as a 
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stabilizer supported by observation which shows that a yellow color complex is formed in 
DMF in contrast to a black solution when carried out in a completely aqueous medium.  
 The Mn-peroxocarbonate complex is similar to the existence of other d-block 
metal complexes containing peroxocarbonate group as previously reported. 158,159,173-182 
As such, a plausible mechanism for the overall catalytic epoxidation reaction was 
proposed based on evidence from various analytical techniques such as Raman, FTIR 
(ATR), 13C NMR, UV-Vis spectroscopy and reaction calorimetric (RC1e). Subsequently, 
kinetics studies were carried out to determine the overall reaction rate constant, k, which 
is useful for reactor design and sizing in potential scale-ups and large-scale operations.  
 
5.3 Recommendations for Future Work  
The combination of manganese and bicarbonate-H2O2 solution constitutes a cheap, 
effective and green oxidative system. The existence of Mn-complex reported in this study 
seems promising for us to recommend future work in sulphur removal, especially in 
oxidative desulphurization of diesel (ODS), a process that has drawn much attention in 
the field of clean fuels. Specifically, it could serve as a potential oxidative system for 
oxidizing the dibenzothiophenes present in diesel fractions (sulphur-containing species 
which might poison the engine catalyst or pollute the environment upon combustion) to 
sulfones. Oxidation from thiophene to sulfones will aid in reducing the sulphur content, 
as these sulfones are easier to separate given its polar nature either via adsorption or 
liquid-liquid extraction. Further studies in using this system for oxidizing other difficult 
substrates (intermediate step to synthesize other possible building blocks) for organic 
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